Fuel Correction Factors
(Tables C:5:1-3, Energy and Transportation Systems)

Year | Light Duty Vehicles | Medinm Trucks Heavy Trucks
1980 1 . 1 1
1981 960 970 .987
1982 920 .937 974
1983 .874 .901 .956
1984 .825 .864 .935
1985 779 .829 913
1986 791 .734 .834
1987 761 .721 .808
1988 .742 715 . 795
1989 727 .703 .783
1990 J12 .691 772
1991 701 679 760
1992 691 663 .749
1993 .685 658 _.739
1994 .685 .663 728
1995 675 . .647 718
1996 .669 .632 718
1997 .659 ..623 .708
1998 .653 .613 .699
1999 647 .604 .689
2000 .641 .596 .689
2001 .639 387 .680
2002 .633 .583 671
2003 630 .579 671
2004 .627 575 671
2005 .627 . 571 .663
2006 .625 571 663
2007 .622 .567 .633
2008 622 .567 .633
2009 .619 .563 .633
2010 619 .563 .633
2011 .616 .559 654
2012 .616 559 .654
2013 614 555 .654
2014 .614 5535 654
2015 .611 .552 .654

Correction factors are determined from the on road fleet mpg as predicted by The Motor Fuel
Consumption Model (Fourteenth Periodical Report, Dec. 12, 1988), prepared by Energy and
Environmental Analysis, Inc. for the U.S. Department of Energy.
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Highway Construction Price Index
(Tables C:21, Energy and Transportation Systems)

Year Index
1973 0.56
1974 0.83
1975 0.99
1976 0.86
1977 1.00
1978 1.14
1979 1.46
1980 1.54
1981 1.76
1982 1.55
1983 1.59
1984 1.84
1985 1.83
1986 1.85
1987 1.92
1988 1.96
1989 2.08

e ———— e

e rr— e ket o e

Data obtained from Summary: Price Index For Selected Highway Construction Items, 15t Quarter
1990, California Department of Transportation, Office of Office Engineers, Sacramento, CA.
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PROJECTED FUEL EFFICIENCY

LIGHT DUTY VEHICLE
On Road Fleet

Year MPG
1980 14.24
1981 14.83
1982 15.48
1983 16.30
1984 17.26
1985 18.27
1986 18.1
1987 18.7
1988 19.2
1989 19.6
1990 20.0
1891 20.3
1992 20.6
1993 20.8
1994 20.8
1995 21.1
1996 21.3
1997 21.6
1998 21.8
1999 22.0
2000 22.2
2001 22.3
2002 22.5
2003 22.6
2004 22.7
2005 22.7
2006 22.8
2007 22.9
2008 22.9
2009 23.0
2010 23.0
2011 23.1
2012 23.1
2013 23.2

‘ 2014 23.2
2015 23.3

©On road fleet mpg as predicted ISy The Motor Fuel Consumption Model (Fourteénth Perlodléai Repont,
prepared by Energy and Environmental Analysis, Inc. for the U.S. Department of Energy.

Dec. 12, 1988),







STATE OF CALIFORNIA
DEPARTMENT OF TRANSPORTATION
DIVISION OF ENGINEERING SERVICES
OFFICE OF TRANSPORTATION LABORATORY

ENERGY AND TRANSPORTATION SYSTEMS
July 1983

Study Supervised by «vissvsveseve.s. Earl C.° Shirley, P.E.
Principal Investigator ..svevseasss Mas M. Hatano, P.E.

Report Prepared by svssessesvessess Mas M, Hatano, P.E.
Earl C. Shirley, P.E.

Dan Talaga, P.E.
Joe Palen, P.E.

,,_/4%7)4

‘RAYMOND A, FORSYTH, #.E. ,
Chief, Office of Transportation Laboratory




TECHNICAL REPQ-'IT STANDARD TITLE PAGE

1 REPORT NO.

| FHWA/CA/TL-83/08

2. GOYERNMENT ACCESSION NO.

3 RECIPIENT'S CATALOG NO

4. TITLE AND SUBTITLE

ENERGY AND TRANSPORTATION SYSTEMS, JULY 1983

5. REPORT DATE

July 1983

8. PERFORMING CRGANIZATION CODE

Y. AUTHORLS)
Talaga, D., Palen, J.,
Hatano, M., Shirley, E. C.

8. PERFORMING ORGANIZATION REPORT NO.

19702-604197

% PERFORMING ORGANIZATION NAME AND ADDRESS

Office of Transportation Laboratory

Sacramento, Ca11forn1a 95819

190. WORK UNIT NO

California Department of Transportat1on.

1. CONTRACT OR GRANT NO.

R81ITLO2

12. SPONSORING AGENCY NAME AND ADDRESS

California Department of Transportation
Sacramento, Ca]ifornia 95807

13. TYPE éF REPORT & PERIOD COVERED
Final
1980-83

14. SPOQNSORING AGENCY CODRE

15. SUPPLEMENTARY NOTES

This study was performed in'tooﬁeratioh with the U.S. Department of
Transportation, Federal Highway Administration.

16. ABSTRACT

"Energy and Transportation Systems".

discussed.

The objective of this study was to upgrade the publication titled,
The most recent data for
establishing factors for calculating direct and indirect energy usage
on a highway improvement project were incorporated into a new report.
Energy analysis and updated factors are discussed separately for
recycling asphalt concrete pavements and for 1light rail systems,

A new criterion for'impact was developed and life cycle costing is
The computer program for performing an energy analysis on
a highway project has been éxpanded and improved,

17. KEY WORDS

tion rates.

18. DISTRIBUTION STATEMENT
Transportation, energy, recycling,| No Restrictions.
+1ight rail transit, fuel consump- | available to the public through )
|1 the National Technical Information
Service, Springfield, VA 22161.

This document 1is

19, SECURITY CLASSIF. (OF THIS REPORT!} 20. SECURITY CLASSIF. {OF THIS PAGE]}

Unclassified Unclassified

21. NO. OF PAGES

Z2. PRICE

DS-TL-1242 (Rev.6/76)




NOTICE

The. contents of this report reflect the
views of the Office of Transportation Labo-~
ratory which is responsible for the facts
and the accuracy of the data presented
herein. The contents do not necessarily
reflect the official views or policies of
the State of California or the Federal
Highway Administration. This report does
'not constitute: a standard, specification,

or regulation,

Neither the State of California nor the
United States Government endorse products
or manufacturers., Trade or manufacturers'
names .appear herein only because they are
considered essential to the object of this

" document,



Length

Area

Volume

Volume/Time

(Flow)}
Mass
Velocity

Acceleration

Density

Force

Thermal Energy

" Mechanical Energy
Bending Moment

or Torque

Pressure

Plane Angle

Temperature

Coﬁcentration
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CONVERSION FACTORS

English to Metric System (SI) of Measurement

English Unit
inches (in) or (")

feet (ft) or (')

ﬁiﬁes (i)

square inches {in 2)
square feet (ft 2

acres

gallons (gal)
cubie feet (ft 3)

cubic yards fyd 3
cubic feet per
second (&t 3/9
gallons per
minute (gal/min)
pounds (Ib)

miiles per hour (mph)
feet per second {fps)

feet per second
sguared (ft/s 2)

acceleration due to
force of gravity (G)
b/t 3)

ounds (lb)
ps (1000 1b)

British thermal
‘l:lnit {Btu}

foot-pounds (ft-1b)
foot-kips (ft-k)

inch-pounds §n-1b)
foot-pounds (ft-1b)

pounds per square

1_.}'_10h (psi

ounds per square
oot (1:'31}J 4

degrees (°)

degrees

fahrenheit { °})

parts per-million {ppm)

Multiply By

25.40
.02540

3048
1.609

64516x 1074
.09290

4047

3.785
02832

7646

28.317

AB36
4470
3048

3048

9.807

16.02

4448

1055

1.356
1356

.1130

To Get Metric Equijvalent
millimetres (mm)
metres (m)

metres (m)

kilometres (km)

square metres (m 2)
square metres m 2)

hectares (ha)

litre (1)
cubic metres (m 3]
cubic metres (m 3]

litres per second (L./s)
litres per second (L/s)
kilograms (kg

metres per second (m/s)
metres per second (m/s)

metres per second
squared (m/s %)

metres per second

squared {m/s 2)

kilograms per cubic
metre (kg/m 3

newtons {N)
newtons (N)

joules {J)

Jjoules {J)
joules (J)

newton metres (Nm)
newton-metres (Nm)
pascals fPaJ
pascals (Pa)

radians (rad)

degrees celsius (° C)

mill s per kilogram
g/ kg



CONVERSION FACTORS

Mu]tip]y By To Obtain
Btu - 3,929x10-4 horsepower - hours
Btu 1054.8 joules
Btu 2.930x10"% kilowatt - hours
Btu/gal 278.7 joules/titer
Btu/1b 2325.8 joules/kg
Btu/ft3 37217.5 joules/m3
Btu/ft?2 11345.5 joules/m@
Btu/1in-ft 3458 joules/m
Btu/lane-mile 654.9 joules/Tane-km
Btu/ton-mile 594,59 joules/metric ton-km
Lb/gal. 0,1198 kilograms/liter
Lb/ft3 16,023 kilograms/meter3
Lb/1in-ft 1.488 kilograms/lin-meter
MPH 1.609344 kilometers/hours
MPG 0.42514 kilometers/liter
MPG 0.000425 kilometers/cm3
Ton(2000 1b) 0.907185% metric tons(1000 kg)
Ton-mile/gal 0.385684 metric ton-km/liter
Gallon(U.S.) 3.7854 liters
Foot 0.30480 meters
Inch 25.40 millimeters
Lb 0.4536 kilograms
Long ton(2240 1b) 1016.1 kilograms
Mile, nautical 1.8520 kilometers
Mile, statute 1.609344 kilometers

One Barrel Crude 01 = 5.80x100 Btu

ii



ABBREVIATIONS

A.C. - Air Conditioning

AC . - Asphalt Concrete

AC/DC - Conversion of electrical energy from alternating
‘currént to direct current

AS - Aggregate Subbase

ADB - Advanced Deéign Bus

ADT - Average Daily Traffic

ART - Articylated Bus

‘BART - Bay Area Rapid Transit

BOE - Barrel of 0il Equivalent

Btu - British thermal unit

CAFE - Corpdfate Average Fuel Economy

CEQA - California Environmental Quality Act of 1970

CTB - Cement Treated Base

DOE - Department of Energy

DOT - Department of Transportation

EIR - Environmental Impact Report

EIS | - Environmental Impact Statement

EPA - Environmental Protection Agency

ETS - Energy and Transportation Systems

FAA -~ Federal Aviation Administration

FHWA -'?ederaJ Highway Administration

ft - foptior feet

ft/sec? - feet per second squared

gal - gallon

GRT - Group Rapid Transit



HDV - Heavy Duty Vehicle

hr ‘ - hour

I/0 - Input-Output

kg - kilogram

km - kilometer

kmh - kilometer per hour

kwh - kilowatt-hour

Th - pound

1b/ft3 - pounds per cubic foot
1b/yd - pounds per yard

LCC - Life Cycle Costing

LDV .~ Light Duty Vehicle

f . - linear-foot

LRT - Light Rail Transit

LRV - Light Rail Vehicle

MDYV - Medium Duty Vehicle

mpg - miles per gallon

mph - miles per hour

m/s? - meters per second squared
MW - Megawatt

NEPA - National Environmental Policy Act of 1969
NL - New Look

0/H - Uyérhead

PCC - Portland Cement Concrete
PSI - Pavement Serviceability Index
Rte-ft - Route Feet

R/W - Right-of-Way
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™
Trk-ft
TSM

uc
upP
UMTA -

VMT

yr

Track Mile
Track feet
Transportation System Management

Undercrossing
Underpass

‘Urbah Mass Transportation Administration

Vehicle Miles Traveled

year
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Chapter 1

INTRODUCTION

The Transportafion Laboratory published "Energy and Trans-
portation Systems" (ETS) in December 1978(1). It has been
used since as a primary reference for transportation energy
studies. Performing energy studies when improvements to
the transportation system are proposed is a part of the
process to develop an Environmental Impact Statement (EIS)
and, in California, an Environmental Impact Report (EIR).

This report is not intended to void anything in ETS but to
augment and update that publication. Some of the important
topics in ETS are condensed in this publication. It is
suggested that the reader refer to ETS if additional back-
ground information to this publication is desired. For
ease of reference, most of the factors shown in ETS have
been included in this report in their updated or original
form,

The purpose of this study was to update, revise and
improve:

Fue]'consumption factors

Procedures for analyzing a project
Procedures for reporting the results
. Software capabilities

T FUI LN B ]

Appendix A -is a Glossary, Appendix B is a Summary of Laws,
Regulations and Policies. )



Fuel Consumption Factors"

Study objectives were accomplished by researching the
literature for the best information available., In many
cases, the authors took the only available information or
made an analysis of the information from various sources
and selected or developed the best factor where differences
existed. Due to the many variables which exist, the fac-
tors published inythis report should be considered as
informed estimaées rather than precise numbers. A caveat
statement 1is appropriate.

Energy use continues to be categorized in terms of direct
and indirect energy. Direct energy is the fuel that goes
to propel the vehicle under varying conditions of traffic

_ and facility. Indirect energy is all the remaining energy
needed to construct, operate, and maintain the roadway and
manufacture and maintain.the vehicles using the roadway.

Indirect energy is divided into two broad categories of
ceniral energy use and periphera1 energy change. Central
energy use encdmpasses the energy required to manufacture
and maintain the vehicles and construct, operate and main-
tain the facility.

Peripheral enefgy change addresses the potential effect
that a trahspoftation system may have on energy use and
avai]abiTity iﬁ'the area it serves, For example, a highway
can take aQricﬂ]tura1 Tand and, consequently, shift popula-
tion and traffic patterns which, in turn, affect energy
use,



Procedures for Analyzing a Project

The procedures for analyzing a highway project are present-
ed in Appendix C and remain the same as presented in ETS.
Information is provided for analyzing a recycling project
(Appendix D} and a Tight rail transit system (Append1x E).
A Tife cycle costing method of evaluating project energy
use is also presented, (Appendix H). No detailed informa-
tion is provided for analyzing other systems such as
aircraft, water and pipelines. Examples are also provided
for energy analysis of Transportation System Management
(TSM) and Contingency Planning strategies in Appendix I.
Appendix F and G contain various factors for analyzing
projects,

Procedures for Reporting the Results

The procedures for reporting the study are in Chapter 11,
In most cases, an energy analysis provides input into the
EIS and EIR and serves as an additional element in the
decision-making process. A number of assessment criteria
have been refined so that decision makers and others can
make a better judgment of differences in energy usage
between a "no-build" and varjous "build" alternatives for a
highway project,

Computer. Capabilities

The computer program fdrranalyzing the project has been
expanded to include more variables. New factors have re-
placed many that were in ETS. The program has been written
so that new factors can be substituted as they become
available. The program only applies to highway projects.

A user's manual will be available in Appendix d.



7: Report FOr\mat .s":i::j:-‘_j

This report initially provides background information on
where energy come§ from, how it is used and the laws which
relate to fransﬁortﬁtion energy. This is followed by &
section on conservation of energy in transportation.

Sensitiﬁity and1ysis and its use to determine the impor-
tance of various factors is discussed. Then the develop-
ment of the factors, performing an energy analysis and
reporting the study are treated.

Appendices contain the various factors, backup material,
and examples of energy studies.




Chapter 2

PROJECT SUMMARY

*Direct enekgy usage accounts for more than hailf of the
total energy used when analyzed in terms of the life of a
project.

“The sensitivity analysis indicates that a change in speed,
ADT, or percent trucks (+10%) has a significant effect on
the total project energy. Similar changes in pavement
type, roadway grade and construction costs would have
little effect on the output.

This is not be be confused with an item such as mainte-
nance energy which has 1ittle effect on a life-cycle
project energy analysis, but could have a significant
cumulative effect on energy when used in terms of a state-
wide maintenance program,

“New energy usage factors were developed for cars, medium
and heavy trucks, buses, Tight rail, construction dollars
versus energy, vehicle maintenance, materials and fuel
energy, miscellaneous construction and maintenance proces-~
ses and for pavement recycling.

*Information on fuel consumption and distribution of types
of vehicles, especially cars, continues to be published
and the fuel consumption factors need to be upﬁatéd pon a
regular basis.



°An improvéd'cfiterion'fdr impact takes into account
project payback and total energy consumption during the
project study period. Another criterion using the energy

efficiency of the transportation system (Btu/VMT) is
presented.

°The software tapability for analyzing a project has been
improved,. .




Chapter 3

IMPLEMENTATION

The resUltélof'this research have been implemented by
Caltrans. Revised and refined direct and indirect energy
factors have been incorporated into an expanded energy
computer program to provide better analytical methods,
Further implementation will occur when this report is dis-
tributed to District and Headquarters personne]Q

Benefits

Benefits of this research are as follows:

Better methods for analyzing energy impact.

Expanded energy computer program capabilities.

The capability to more accurately analyze the energy impact
of a transportation project or program by using most recent
factors.,

Greater insight into the importance of the various energy

parameters which are considered in the analysis of a trans-
portation project or program.



A

 Suggested Future Research

1. There should be a continuing effort to keep energy
factors up to date.

2, Studies should be performed and models developed to
evaluate fuel usage for operational improvement projects
such as ramp metering, HOV Tanes, signal timing, one-way
streets and lane reversals.

3. Fuel consumpfion under congested conditions should be
studied more closely.

4. Guidelines should be.deve]oped to assist the coordina-
tion of energy research in using standardized vehicle
classifications, This will help insure that all research
is applicable and transferable to the transportation energy
data base, " '




Chapter 4

BACKGROUND

Historica1

In 1973, the United States experienced its first energy
crisis. Before that time, very few people considered
petroleum'as a finite resource or the rate at which this
resource was being consumed. Energy, and gasoline in
particular, were inexpensive and people assumed that new
oil fields would continue to be discovered and conservation
was not practiced. After the petroleum shortfall in 1973,
energy received a lot of publicity and many research
studies were funded to examine energy use in all sectors of
the economy. However, it appeared that shortly after the
1973 crisis, the concern in this country about energy
decreased,

Another energy shortfall developed in 1979, That crisis
was quickly resolved, but it contributed to dramatic in-
creases in the prices of petroleum products which, in turn,
has affected almost every facet of the economy.

A]théugh‘people are now aware that energy is expensive,
most do not perceive the long-term problem associated with
a diminishing supply of a finite resource. Figurekl
11lustrates a declining petroleum production rate even
though the number of wells drilled has almost doubled since
1960(2)
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Source: Bureau of Mines, U.S, Department of Interiaor

" FIGURE 1, DOMESTIC OIL PRODUCTION

The vast majofity of energy expended for a transportation
project is petro]eum based. Since petroleum is a rapidly
diminishing resource and the supply is subject to disrup-
tion, each transportation project must be carefully
analyzed to determine its energy impact. Concurrently,
transportation energy conservation strategies should be
pursued and-qltefnative sources of ‘transportation energy
investigated as a means of reducing our dependefnce on
petroleum energy. '

Figure 2 shows the types and useés of various energy
resources in the United States. Figures 3 and 4 show
California energy‘by origin and use by sector. Figure 5
shows the energy used for transportation in California.

10
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CALIFORN!A ENERGY FLOWS 1979

. Re: Catlifornia Energy Commission
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3% Hydro, ' Residential Use
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1% Geothermal
& Other

28%
Natural Gas

64%
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39%
Non-Residenti:

46% Transportation
Use

ENERGY BY bﬁIGIN ENERGY BY SECTOR
FIGURE 3 _ FIGURE 4

DISTRIBUTION OF DIRECT TRANSPORTATION
ENERGY BY MODE IN CALIFORNIA - 1980

" Re: California Energy Commission

Transit (including railroad freight) 2%

Marine
13%
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FIGURE 5
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Laws Relating to Energy

Various federal and state laws, regulations and policies
require energy studies for input into environmental
documents and/or are directed to conservation of energy.
Figure 6 shows the more important federal laws.

A complete 1isting and a brief summary of the more impor-

tant federal and state laws, regulations and policies is
contained in Appendix B.

13
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Chapter 5

CONSERVATION OF ENERGY

Petroléum is a finite resource that in the near future will
require more energy to extract from the earth than it will
provide., Various estimates have been made which indicate
that petroleum supplies will no Tlonger be adeguate to
supply transportation needs sometime early in the 21st
century,

The important fact is that the long-term petroleum supply
is decreasing and alternative fuels must be developed.
This requires time and conservation is the best immediate
strategy for prolonging the available supply and providing
time,

The various Taws, regulations and policies were covered in
the previous section of this report that directly or indi-
rectly involves conservation. The most important law is
"The Energy Policy and Conservation Act of 1975"(3) which
set average vehicle fleet mileage for future years. It
has done more to conserve petroleum energy than any strat-
egy presently being used.

Table I provides estimates of fuel savings from "Highway
Energy Conservation Strategies"., Figure 7 shows "Genera-
tion of Alternative Actions" which is similar to Table I
but has additional strategies to conserve Fuel. Figure 8
shows additional areas of consideration to conserve FTuel.
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i TABLE 1
SUMMARY OF HIGHWAY ENERGY CONSERVATION STRATEGIES

Prbgram Area £lements Included *Estimated Saving
Total Direct Transp.Energy

1. Vehicle Technaology ° Downsizing model lines
Improvements ~ ° Design Improvements 10-20%
: - Reduce weight
- Reduce drag
~ Improve transmissions & drive trains

.2 Ridesharing matching program 2-5%
® Ridesharing marketing

* ° Employer programs
® HOV incentives

Traffic signal improvements 1-4%
Ona-way streets '
Reversible Tanes

Intersection widening

Ramp metering

Freeway: surveillance & control

2. Ridesharing

3. Traffic Flow
Improvements

4. Other Transportation ° Fringe parking 1-4%
System Management ° Alternative Work Schedule
Strategies ° Priority Tanes for HOV's
? Pedestrian & Bicycle improvements
- ° Pricing,parking & highway facilities
5. Goods Movement ° Improved routing & scheduling of 1-4%
Efficiency : urban goods delivery
Improvements ~ ° Truck size & weight changes
~ ° Truck deregulation
° TQFC

6. Transit Improvements ° Modal shifts to transit through: 1-3%
. = Park and ride
- Improved service
- Marketing
- Preferential highway lanes
: - Fare reduction
° Improved Routing & Scheduling
~ ° Improved maintenance
° Vehicle rehabiiitation

7. Construction and - ° Improved highway maintenance 1-3%
Maintenance . ® RRR
: Substitute sulfur-based materials
for asphalt
Pavement recycling

8. 55 mile per hddr' % © Better enforcement and compliance to 0-2%
speed limit - - achieve fuel saving and reduced
- facilities
9. Improved Driving ° Rad{al tires 1-5%
Habits & Vehicle ° Higher tire inflation
Maintenanceé ° Improved maintenance
® Travel planning trip linking
10. Rationing ° Private autos 15-50%
° Taxis/trucks
11. Pricing, Decontrol  ° Gas Tax 5-25% -
g ° Park?ng.fees/po]icies
° Road pricing

Vehicle registration



State-level Miles Per Gallon Mandate

MORE TRAVEL PER
GALLON OF FUEL

e more veh~mi per gatlon
e more person-mi per veh-mi
s more ton-mi per veh—mi

LESS TRAVEL
BY MOTOR VEHICLE

MORE FUEL

1
MANDATE 2 Engine Size Limit
FUEL 3  Car Slze, Car Weight Limit
EFFICIENCY 4 _ Engine Size Tax. Naw Car MPG Tax
) Veahicle Design (Engines. Transmission, Tires, Eic }
IMPROVE &  Reto-it Existing Vehicles
VEHICLE 7 Inspect Vehicles for Fusl Eficiency
Optimize Signal Timing
9 Upgrade Signal Systems )
10 Remove Unwarranied Traffic Control Davices
11 Put Signals on Yallow Fiashar
12 improve Selected Bottieneck Locations
13 incraase Use of Right Turn on Red
14 Maintain Pavements Intensively
15 Restrict On-Sireel Parking
IMPROVE 16  improve Alignment at Selected Locations
TRAFFIC 17  Flexible Waorking Hours
FLOW ;] Four Day Work Weaek
19 Staggered Work Hours
20 Trave! Advisory Services
21 New Streels, Bypasses
22 Street Circulation Changes
23  More Speed Limit Enforcement
24  Ramp Metering, Preferential Entry
25  Reserved Lanes for High Occupancy Vehicles
268  Signal Prigrity for High Occupancy Vehicles
27 Dereguiate Car and Van Pools
Oll;‘gl?lf::g? 28 Sponser Car and Van Pools
29 _ Car andg Van Pool incentives
30 More Transil Frequency
H More Transit Caverage
2 New Transil Services
SHIFT 33  Reduced Transit Fare
TRAVEL 34 Free Transit Fare Zone
T0 35 incrgase Parking Costs
OTHER 36  HAestrict Existing Parking
MODE az Restrict New Parking Construgtion
38 Provide Mora Park-and-Rids Facilities
s Deregulate Paratransit
40 Sponsor Paratransit Modes
IMPROVE a1 Deregulate Tnier-modal Freight Transier
GOODS FLOW 42 Other Goods Movement Deregulation
43 tocale Public Faciiias for Fuel Eficiency
LESS 44  Zoning Changes
NEED FOR 45  Aulo Restricted Zanes
TRAVEL 46 Design New Areas for Transportation Efficiency
47 Rellect Fuel Efficiency in Transportation Planming
48 bLmnit Mileage
Res T AVEL on 49  Graduated Mileage Tax
50  Congestion Pricing of Road Facilities
51 Ration Fuel
FUEL 52 Tax Fuet
RESTRICTION 53  Weekend Fuel Sales Ban -One Day
" 54 Weekend Fuef Sales Ban - Two Days
SUBSTITUTE 56  Encourage Walking
NON-MOTOR TRAVEL |56  Encourage Bicycle Use
ALTEANATIVE FUEL 57  Encowage Gasohol Development

GENERATION OF ALTERNATIVE ACTIONS

FIGURE 7
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Conservation of energy in faciiity planning, construction,
operation and maintenance also needs to be considered and
practiced. Facility includes the buildings (office, rest
stops, maintenance) and the highway (landscape, lights,
signs, etc.).

In many cases, bu11dings were constructed before ehergy
became expensive and designers did not optimize the enerqgy
efficiency features, However, conservation can be achieved
by things such as using fluorescent Tights, turning the
thermostat down for heat and up for air conditioning,
improving insulation, sealing cracks and using thermal
windows.

Conservation can also be applied to recycling pavements,
hardware items (guardrail, signs, tires, lighting stan-
dards, right-of-way fence, etc.,), using indigenous plants
for ltandscaping, and planning the maintenance of the road-
way itself. Other measures are using high pressure sodium
vapor lamps for lighting, promoting carpools, vanpools,
buses and bicyclie projects,
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‘Chapter &6.

TRANSPORTATION SYSTEM MANAGEMENT (TSM)

TSM involves management strategies which have the goals of
improving the utilization of existing transportation sys-
tems in order to relieve congestion, reduce travel time,
reduce costs, improve air quality and conserve energy.
These strategieé are generally considered to be short range
and require minimum capital expenditures. Many strategies
have been employed for years by traffic engineers to attain
elements of the goals mentioned above.

Signalized Intefsections

Improvements to traffic signal systems can have a positive
impact on energy consumption in addition to improving traf-
fic operations, Most improvements of this type are made to
reduce vehicle delay and congestion., These types of proj-
ects can also save fuel., Numerous studies are referred to
in "Opportunities for Energy Conservation in Transportation
Planning and Systems Management®(4) which all show that
these types of projects save fuel,

Even greater fuel savings can be achieved by the use of
e]ectronica]]y activated traffic control systems. These
systems cah_re]ieve traffic congestion, increase the aver-
age speed on heayily traveled roadways and decrease the
number of traffic light stops. This means that there are
fewer speed change cycles and stops. “Traffic Control
Systems Save Energy"(5) identified somé of these systems
and the energy saving attributed to them. The system in
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Eau Claire, Wisconsin covered 11 intersections and produced
a 20% reduction in energy consumed. One in Greensboro |
North Carolina shows an estimated savings of 1400 gallons
of gasoline per day. When all the other positive impacts
are considéred, these are obviously very efficient

systems.,

Ramp Metering

The energy impact of ramp metering is Tess quantifiable.
"Guidelines for Selection of Ramp Control Systems"(6) shows
that, depending on the specific site conditions, there can
be very modest decreases or increases in energy consumption
due to ramp metering, A recent study (unpublished) by
Caltrans District 4 (San Francisco) showed fuel savings of
around 10% for ramp metering projects.

Although ramp metering can reduce congestion, it also tends
to increase the speed on the freeway thereby potentialily
increasing fuel consumption; Also, ramp metering may cause
some drivers to travel upstream to enter the facility at an
unmetered zone, thereby increasing both VMT and fuel
consumption.

Caltrans District 7 (Los Angeles) made a study titled, “"The
Assessment of the Impact of Ramp Metering on Air Quality
and Energy Consumption"(7), Their conclusion was that
there could be a negative or positive energy impact due to
ramp metering depending on what assumptions are made and
the type of project.

HOV Lanes on freeways

Therée are six (6) types of priority treatment for buses and
carpools involving freeways:
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Séparatedf?aciIitiés
Concurrent Flow

Reserved Lanes

Contra-flow Reserved Tanes

Priority Access, Bypass ramps, Metered ramps
Priority Access Exclusive use ramps

o B W N
[ ]

Typica]]y,-the'priority treatment is in effect only during
peak commute periods and frequently projects use more than
one type of treatment, Various projects of this nature
have been calculated to save from 1,000 to 11,400 gallons
of gasoline per day(8).

The energy impatt of the diamond lanes on I-10 in

Los Angeles indicated energy savings between 1,475 and
11,400 gallons of gasoline per day(9). The problem with an
energy analysis for this type of facility is similar to
that for a transit facility. The assumptions made concern-
ing access enehgj can have a major impact on the results of
a study. The conclusions indicate HOV lanes on freeways
are probably energy efficient.
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Chapter 7

SENSITIVITY ANALYSIS

A sensftivify analysis was made early in the study‘to
determine which parameters are of primary importance when
making an energy analysis for a transportation project.
The purpose of the sensitivity analyses was to determine
the effect of a change in an input parameter on the total
project energy.

A classical sensitivity analysis is made by holding all
parameters constant but one in an analysis methodology and
then varying that parameter in increments to determine the
effect on the output. A modest change in a sensitive
parameter causes a noticeable alteration in the output
while a major modification in an insensitive parameter
causes a nonsignificant change in the output.

A sensitivity analysis was performed on "ENERGY3", a soft-
ware package that uses the same factors and methodology as
in the old Energy and Transportation Systems (ETS). This
analysis was undertaken to ascertain the answers to two
guestions. 1) Which factors used in the program should be
further investigated and refined by the researchers. It
served to .prioritize the work that needed to be done., 2)
Which factors are the most crucial to those applying the
computer program to project studies.
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There were three different types of situations examined in
the sensitivity analysis. The first type represents a
change in the user identified input parameters that are
normally specified at the beginning of each run, These
include the timé span of the analysis, the average daily
traffic (ADT), the percent of medium and heavy trucks, the
percent grade and the construction costs. The second was
an actual change in the preprogrammed values for such
parameters as pavement maintenance and indirect vehicle
energy. The third type of situation modeled was the effect
of increasing the capability of the program to handle cur-
vature, road surface condition, and speed change cycles,

The results of the sensitivity analysis were as follows:

°Curvéture, speed changes, and roadway surface condition
were found to have a significant effect on the program
output using the 0old ETS factors. Considerable time was
spent examinin§ these parameters. It was decided to
~include them iﬁ_the new computer programs.

*Indirect vehicle energy (manufacturing and majintenance)
accounted for 42% of the total energy for the base case in
the sensitivity analysis. It was decided to thoroughly
evaluate theseifactors.

‘Roadway construction and maintenance energy were found to

have-a relatively minor effect on the total energy con-
sumption for most projects.
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°The program output was very sensitive to changes in ADT
and percentage trucks. These paraméters are often very
difficult for environmental investigators to accurately
predict. Many projections are thought to be valid to
+50%. It was decided to develop the new computer program
so that these traffic parameters can be easily varied,
with the effect on the output being immediately available.
This will allow the investigator to make multiple runs for
high and low traffic estimates, if desired.
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%'Chapter 8

DEVELOPMENT OF FACTORS BY TRANSPORTATION MODE

Transportation Modes

This chapter addresses the energy factors for the following
transportation modes:

. Marine

1, Roadway

2. Rail _ .

3. Personal and Group Rapid Transit
4, Air

5

6

. Pipeline

The energy chafacteristics of each transportation mode are
_discussed,

1. Roadway Transportation Mode - Most roadway vehicles use
gasoline or diesel; these were the only fuel types consid-
ered in this study although others such as natual gas,
hydrogen or gasohol may be used more widely in the future.

Fuel consumption characteristics vary for each vehicle but
data from_organizations'such as the Environmental Protec-
tion Agenéx.(EPA), Department of Energy (DOE) and the
Department of Transportation (DOT) permitted estimates to
be calculated for "composite" vehicles by type.
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Variables that affect fuel consumption are vehicle and
facility related. Vehicle related items include such
things as engine size, fuel type, weight, speed and cold
starts. Lesser factors are driver behavior, engine tune,
tire type and pressure and aerodynamics. Most of these
minor factors are usually not included directly in an
energy analysis. '

Facility related variables affecting energy consumption are
such things as grade, traffic congestion {slowdowns or stop
and go) and substandard pavements. Lesser factors are
roadway curvature, altitude and weather conditions. Sub-
standard pavements, altitude and weather are usualily not
included in a fuel consumption analysis.

Most of the variables mentioned in Appendix C show fuel
consumption adjustment factors which were developed by the
authors or taken directly from other publications. The
Commentary to Appendix C provides additional background
information and the sources for the factors.

Passenger cars are usually defined as 2 axle, 4 wheels,
weighing less than 8,000 1bs and designed to carry passen-
gers. However, for purposes of performing an energy analy-
sis, pickups and vans are classed as cars even though they
can carry cargo.

Fue1‘consumptidn factors for:cars change each year because
older cars -are driven less and new fuel efficient cars
replace the older cars. EPA requires-that the Corporate
Average Fuel Economy (CAFE) for the new passenger vehicle
fleet must reach 27.5 mpg by 1985(3). Most estimates seem
to indicate that this average‘will be accomplished although
the actual on-road mpg is expected to be three or four
miles less than the official EPA figure.
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Figure 9 “11Tustrates the fuel consumption required of new
cars and an estimate of the "composite" (old and new) fleet
for various years,

Trucks are divided into Tight and heavy categories. Light
trucks have 2 axles, 6 tires, weigh between 8,000 and
19,500 1b {gross vehicle weight) and are designed to carry
cargo. Heavy trucks have more than 2 axles, 6 tires and
weigh over 19,500 1b.

Buses are treated as dndther category and have their own
fuel consumption factors based on the type of service for
which they are used,

In addition tb the direct energy required to propel the
vehicles, data are available to calculate indirect energy
required to construct, operate and maintain the facility
and to‘manufaéture and maintain the vehicles, Vehicle
manufacturing 1nf0rmatfon is based on studies of the energy
required to produce each material, form the component parts
and assemble the vehicle. In a like manner, the energy
required to construct transportation facilities can be
estimated and factors developed to predict construction
energy for fuﬁure projects. Maintenance energy factors for
the vehicles and facilities were developed by studies
performed in a?manner similar to the manufacturing and
construction energy.

“Inadeﬁuaté pavement surface coﬁditions have been shown to
have a majo} effect on the rates of tire wear, depreciation
and maintenance and repair of the vehicles. Correction
factors have been develeped for each of the major vehicle
types under a wide range of pavement surface conditions.
Pavement conditions were found to have a negligible effect
on direct.fuelﬁconsumptfon.
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"2.  Raii Transportation Mode - Fixed rail vehicles are
trains and rail mass transit units. They carry passengers
or cargo, seldom both. Their power plants are diesel

- fueled engines which run generators to supply electric

drive motors. Some trains run directly from overhead or a
third rail which supply the electricity.

Light rail transit is an urban transportation system that
uses eIectr1caT]y powered rail cars operating individually
or in short trains on a fixed dual rail guideway system.
The system may be grade separated or it can share space
with automotive traffic. San Diego's "Tijuana Trolley" is
an excellent example of this type of system. Appendix E
presents an ex@mple Tight rail energy study.

Modern heavy rail transit for carrying passengers refers to
systems such as the Bay Area Rapid Transit (BART) or the
Capitol Metro in Washington, D.C. Such systems are energy
efficient when operated with'high Toad factors. However,
most operations take place at relatively low load factors
since they are.primarily commuter oriented systens,

0ld heavy rai1itransit refers to systems such as the ones
in New York City, Chicago, Boston, Cleveland and
Philadelphia. The energy efficiency of these systems
varies widely,-

Energy consumpt1on of trains is influenced by three major
factors: ~speed, gross weight and terrain. Other factors
for commuter trains are the number of slowdowns and stops,
ftrack conditions and the rate of acceleration. A number of
computer programs are available to determine the energy ef-
~ficiency of trains under different operating conditions(10).
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Since trains serve specific routes, the power plants are
designed to meet the requirements of the route., Passenger
trains are usually composed of a standard number of units
and weigh essentially the same whether empty or full.
Therefore, given the speed and terrain, designers provide
the appropriate power plant.

Freight trains vary as to number of units, gross weight,
route and speed so the power must be custom fitted to each
train as it is assembled at the yards, Where required,
additional locomotives are assigned to perform the task of
climbing steep grades. Locomotives are rated according to
their maximum horsepower and weight is usually expressed in
tons.,

The railroad industry has conducted studies to aid in
conservation of fuel., Through these and other studies,
information as to fuel consumption rates of locomotives has
become available,

The energy required to construct and maintain heavy rail
mass transit systems is dependent on things such as the
basic type of construction, the amount of system at grade
versus the amount that is elevated, subway tunneling or cut
and cover. Data are sparse, but some estimates are pre-
sented for BART and the system in Toronto, Canada. F

3. . Personal Rapid Transit (PRT) =~ An automated guideway
transit system that uses small vehicles of two to six-
passenger capacity operating under computer control between
- off~line stations. It provides demand responsive service
except perhaps during peak periods with headway of three
seconds or less., '
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Gﬁodp'Rabid'Trgﬁsit (6RT) - An automated guideway that has
either on-1ine or off-line stations and vehicles that carry
6 to 100 passengers and may combine to operate as a single
train. At one time, it was thought that such systems could
play a major rote in solving urban transportation problems.
However, the syﬁtems which are now in operation serve very
specific purposes, such as airports or a means of access
between major activity centers.

Nearly all systems are poweréd by etlectricity using AC or
DC motors and t%ayeT on pneumatic tires on varjous guideway
configurations, most of which are made of concrete,

Data on direct and indiréct energy consumption by GRT and
PRT are scarce and are expected to vary substantially from
one system to another.

4. Air Transportation Mode - Commercial air transporta-
tion systems provide service for passengers and cargo
‘between airpokté. Due to safety and noise considerations,
new airports afe situated a considerable distance from
population centers and are usually served by ground trans-
portation (highways}, and, occasionally, helicopters. The
energy consumed by these feeder services must be charged to
air transportation in an energy analysis. Jet aircraft use
kerosene and naptha-tybe'fue1, and piston-powered aircraft
use aviation gasoline,

Aircraft operations may be divided into five distinct
phases, each having its unique fuel consumption rate.
These phases are: '
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-3 Taxi-idle, usually the lowest consumption rate,
which aircraft use from the airport terminal to the begin-
ning of the runway.

b. Takeoff, always the highest consumption rate,
when maximum power is applied to accelerate the aircraft to
flying speed and 1ift it from the ground. |

C. Climb-out, where slightly less than maximum power
is used from 1ift-off until an altitude of 3,000 ft is
reached, )

d. Cruise, the normal steady-state fuel consumption
of an aircraft. This phase covers the ascent from 3,000 ft
to the cruising altitude, the actual cruise at a constant
speed at that altitude, and the descent to 3,000 ft near
the end of the trip. Cruising speed and altitude are regu-
Tated by airlines, the Federal Aviation Administration, or
both, and play an important role in the fuel consumption
rate,

B, Approach and Tand, from 3,000-ft altitude to
touchdown, where the power is slightly increased or reduced
from that used in the cruise phase, depending on the type
of aircraft and its flying characteristics.

Fuel consumed in a specific trip may thus be estimated by
the summation of the fuel consumed in all five phases, giv-
en the aircraft type, cfuise speed and distance traveled.
It is important to note that computation of fuel consumed
while cruising must consider the length of the actual
flight path, rather than the great circle distance between
two airports. Airline statistics usually give great circle
(i.e., shortest distance) mileage, but routes follow
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specified f]igﬁf'tbrrido}s that increase the trip length.
Due to schedu]fhg problems and policy, the most efficient
aircraft size is not always assigned to the appropriate
route, '

Most commercial airlines operate aircraft that carry both
passengers and-cargo. Some aircraft are convertible to
carry either passengers or cargo., Thus, it is difficult to
obtain specific data on fuel consumption for freight opera-
tions, It has been estimated that freight-only operations
consume approxfmate]y 1% of the total aviation fuel con-
sumed (including military use), so this lack of data does
not constitute a major gap in the information available for
air transportation.

Studies have béen conducted to determine the indirect ener-
gy expended to manufacture certain commercial aircraft, as
well as to obtain estimates of their expected service life
in terms of total distance traveled, The estimated values
are between 787 and 170 Btu per seat-mile for commercial jet
aircraft. However, the indirect energy consumed in main-
tenance, routine replacement of parts, etc., has not been
adequately identified.

Airports require special facilities and equipment for their
operation, and the energy consumed by ground facilities and
operations has:not been identified. Construction of
runways,‘taxiwéys, parking aprons, terminal buildings,
hangars, étc., has not been adequately studied because
major airports are uniqué and each would require special
analysis. )
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5. Marine Transportation Mode - Marine transportation
systems may be classified into three broad categories:

ferryboats, inland and coastal vessels and deep-sea vessels,

Ferryboats provide transit of passengers and/or vehicles
across narrow bodies of water to islands or peninsulas
where the shoré route is excessively long, and where
bridges are impractical or overcrowded. They also provide
service along a coastal route where seaborne travel is more
convenient than the shore route. Typically, these vessels
consume diesel fuel and many are designed and built for
service on a specific route. Their consumption character-
istics are influenced by their size and speed. A secondary
factor is the consumption of fuel (at idle) while loading/
unloading, but this is insignificant except in special
cases, '

As with roadway design, the number and size of vessels
serving a particular route is determind by the peak traffic
they handle. This results in a portion of some fleets
being idle except for a few busy days every year (typically
weekends and long holidays in summer), Other fleets, whose
primary service is to commuters, run fuller schedules.

InTand and coastal transportation is provided by ships,
barge-tug combinations, and specially designed ore carriers
on the Great Lakes. Inland vessel fuel consumption'is
affected by river currents (upstream and downstream),
Details on these vessels are not readily available,
Statistical studies have determined values for energy
consumed versus actual service rendered for the entire sys-
tem (Appendix F). "
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ﬁeéﬁ-sea vésse1§étranspo;{ passengers or cargo, seldom
both. Two types of power plants are used. Steamships,
which comprise phe vast majority, are powered by steam
turbines that consume bunker C fuel oil; and motor ships,
powered,by'diesél engines. Sails and nuclear reactors are
also in use, but the number of vessels involved is insig-
nificant. Gas "turbines are increasingly being used in
smaller ships, especially patrol craft.

Merchant vessels are usually designed and built for specif-
ic service; thu#, their size, deadweight, cruise speed, and
range are the known factors that determine the type and
power of the enéines,'expressed in terms of shaft horse-
power. Relatively simple empirical equations have been
developed for cruise fuel consumption based on the rated
shaft horsepower and engine type (steam turbine or diesel).
These equations -have been incorporated in computérized
files by the U.S. Maritime Administration to provide fuel
consumption estimates for each vessel under U.S.
registry(1l)., The'equations provide consumption rates in
terms of long (2,240 1b) tons per day as follows:

For steam turbines:

Shaft hp x:0.005571 Bunker C use

For motor ships:
Shaft hp x.0.003313

Diesel fuel use

Operationdi‘acfévities of vessels are governed by the
service they prbvide (i.e., the amount of time spent at
sea, in port or in dockyards) and thus cannot be general-
jzed, espe¢1a11y'in the case of inland transportation,
ferryboats, etc. However, typical operations of deep-sea
vessels are 280 days at sea, 60 days in port and 20 to 25
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days for scheduled maintenance. Tankers, bulk cargo and
container ships spend less time in port than general cargo
ships because the nature of their cargo allows faster
load/unioading.

The indirect energy consumed in ship building and mainte-
nance is difficult to measure, Studies have been conducted
to determine the energy consumed by shipyards and the
output, in terms of tonnage, of new vessels built and ship
repairs accomplished, but as yet the two shipyard functions
have not been distinguished from each other in terms of
what proportion of energy is consumed by each,

Useful Tives of vessels vary, depending on economics,
Currently a typical figure for newly constructed deep-sea
vessels is 25 years, as opposed to 20 years for vessels
built circa 1960(1l). Information on useful lives of
inland vessels or ferryboats is not available.

A1l vessels require shore facilities (terminals, loading
equipment, warehouses, drydocks) which require considerable
indirect energy to build and maintain, but this energy
consumption has not been identified. Additional amounts of
energy are expended in creating and maintaining safe
navigation channels, breakwaters, levees, lightships and
lighthouses, operating the Coast Guard, etc. The quantity
of this indirect energy has not been fully identified, but
a sense for its magnitude may be obtained by statistics
indicating that annual dredging of U,S. waterways totals
300 million cu yd of material(12).

6. Pipeline Transportation Mode - Pipeline systems
consist of lines of piping with associated valves, pumps,
etc. They are used for the transportation of fluids in
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various Fbrms,QSUCh as ﬁhtura1'gas, steam, water, crude and
refined oil, and chemicals., An additional service is the
transportation'of solids by grinding them and mixing with a
liquid (usually water) to create a slurry that can then be

pumped. Coal and some ores are transported in this fashion.

Pipes are"mﬁhuf&cturéd from a variety of materials, the
most predominant being steel, iron and concrete., Pumps are
electric and are designéd for the expected load, along with
additional standby units., A study of the direct energy
associated with pipelines has provided data on the energy
consumed versus service rendered of U.S. pipelines but
details are noﬁ readi1y available. Energy consumption of
pipelines is influenced by the velocity and viscosity of
the fluid, pipe diameter, general route profile, and type
and size of pumping stations. The material of which pipe

is made is also a factor, both in its frictional character-
istics and in the energy required for its manufacture., The

indirect energy to manufacture, install and maintain these
systems has not been extensively studied.
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Chapter 9

ENERGY ANALYSIS

Energy'Unifs

Transportation may be defined as the moving of goods and/or
people. To perform this act, certain impeding forces
(gravity, friction, etc.) must be overcome. This requires
the expenditure of energy. Energy is defined as the
ability to do work. A typical unit of work, for example,
is a foot-pound, and a substance — say a fuel — capable of
producing one foot-pound of work may be said to contain one
foot-pound of energy.

Energy can be classified in many forms such as chemical,
kinetic, nuclear, potential and thermal. One of the most
important forms related to transportation is the chemical
energy inherent in fuels. This is determined by equating
it with the fuel's heating or thermal energy value. C(Clas-
sical experiments have determined the correlation between
thermal energy and mechanical energy (ft-1b) and in fact,
the units for all forms of energy are convertible to each
other,

Commonly used units of transportation-related energy are
the British thermal unit (Btu) in the English System and
joule (J) in the International System of Units (SI). Still
in considerable use is the kwh (kilowait-hour) which usual-
ly describes: electrical energy.

This report uses Btu as the primary energy descriptor,
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“Fuels

Transportation consumes a variety of substances as fuels.
Approximately 96% of these fuels are derived from petro-
leum, The direct thérmal energy inherent in these fuels
can be measured in the laboratory. Published values for
crude oil vary by +15% due to the differing chemistry of
natural deposits. Refined petroleum products, however,
generally have :fairly cqnsistent values,

Approximately 15% of the crude oil consumed in the U.S. is
used for petroTéum'refining. The vast majority of this is
expended for the advanced processing necessary to produce
transportation'fuels. Through an extensive analysis of the
refining indust}y, the authors have been able to determine
the approximatérvaiue for the refining energy associated
with some of the more commonly used transportation fuels.
These values are presented in Appendix G. All energy
values in this report have been upgraded to include this
refining energy whenever possible. Using this method, the
energy quantitiés calculated from this report will trans-
late directly into the amount of crude o0il which must be
consumed to geﬁerate the transportation fuels, rather than
the significantiy smaller quantity of energy inherent in
those fuels,

Non-petroTeum-derived fuels are being considered for
expanding roles. in transportation., Again, the direct
thermal enérgy-inherent in these fuels can be measured in
the Taboratory, but insufficient information is available
as to the quantit& of indirect energy required to produce
and store them. Indications suggest that the indirect
‘energy may be of substantial magnitude, For example,
hydrogen, a prime candidate for use as a clean, portable
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fuel of the future, not only requires direct energy to
produce, but also requires considerable energy for storage.
Hydrogen as a pressurized gas is heavy and requires large
containers (which require energy to manufacture). As a
superco1d Tiquid it must constantly leak in order to
maintain temperature or it can be absorbed in special com-
pounds, from which the gas is released upon demand (still
at the experimental stage). The indirect energy associated
with nonpetroleum fuels has not been identified, thus the
values for these types of fuel reported in Appeﬁdix G
represent the direct thermal energy only.

Another example of an alternative fuel is gasohol (10% eth-
anol and 90% gasoline) which was popular in some parts of
the country during the gasoline shortfall. Hdwever, data
indicate that gasohol was competitive with gasoline prices
only because of tax subsidies. Net energy analyses of
ethanol have been conflicting and inconclusive. The energy
savings are questionable because the energy needed to grow,
harvest and process the biomass to produce ethano] may be
greater than the energy of the gasoline it is replacing,

Methanol (methyl alcohol) is another alternate fuel which
can potentially be produced in great quantities from coal
or other organic material, although currently most methanol
is produced from natural gas. It does have a high octane
rating, which should give it good performance characteris-
tics in engines specifically designed for its use.

Areas with serious air quality problems are looking at
methanol fuels which burn cooler and more efficiently as a
means of reducing emission Tevels. A major impediment to
widespread use of methanol as a fuel in the United States
can be attributed to the dilemma of what comes first,
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méthandl;vehicfés or me{ﬁanoT fuel supply. In all proba-
bility, it will take higher gasoline prices for methanol to
become competitive.

Special consideration is given to electricity which is a
form of energy produced from other energy sources. Elec-
tricity réquﬁrés energy input to a power plant in the form
of petroleum, natural gas, coal, hydraulic pressure,
nuclear material or geoiherma] taps (wind, wave and solar
power are still largely experimental). The majority of
electric power plants use petroleum and natural gas fuels,
and their efficiency when transmission losses are included
was 28.8% in 1980 (Reference, Appendix, GR8). Thus, it is
important when discussing electricity, to clarify whether
the energy units presented refer to the quantity of elec-
trical energy used by a vehicle or system (reflected in the
utility bill) or the equivalent energy consumed to produce
this quantity of usable electricity {a figure three or four
times greater)f Transportafion energy analyses must con-
sider the total energy consumed to provide a given service
and thus, should use the larger figure.

A]ternativé fué]s may have a significant impact on the
gnergy ana]ysié for a future transportation project. How-
every, the procédures in this publication do not provide for
an energy anal?sis using alternative fuels because little
or no information is available for other than experimental
usage. |

Considerations in.an Analysis

In general, the purpose of an -energy analysis is fo provide
meaningful comparisons between alternatives, including the
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"no build" alternative. This requires careful considera-
tion of the factors involved in analyzing the energy
impacts of each alternative. Figure 10 provides an
overview of the considerations in an energy analysis,

The relative lack of specific data tends to promote sim-
p]ificatidn of'portions of the analysis, and this'may be
proper, provided due attention has been paid to certain
philosophical considerations, as discussed in the
following.

1. Direct and indirect energy must both be considered,
otherwise erroneous comparisons may result. A car cannot
operate without a road, nor an aircraft without an
airport... or even a ship without periodic dredging of
channels. Even within the same mode, two alternatives may
vary substantially as to their direct and indirect energy.
For example, a roadway tunnel may cut the distance and
"grade traveled by vehicles, thus reducing direct energy
consumption, but will probably require more indirect energy
to construct than a more circuitous route. This fact must
be brought out by the analysis.

2. Transportation is portal to portal: i.e., the fact is
that people and goods are transported from specific geo-
graphic locations to others, and not from airport to air-
port, or train station to train station. Energy analysis
must tonsider the total transportation system {and energy
use) required to transport, say, a commuter, from his home
address to his place of work. This may involve several
modes of transportation. ' .
3. The difference between actual and ‘potential transpor-
tation must be given careful consideration. Potential
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service of a vehicle would be the maximum rated capacity
for passengers or cargo, and actual service is the real
number it does carry. The implications of this concept are
vital in comparisons between different transportation
modes. For example, a commuter bus may be full in one
direction, taking people to work or shopping, but may
return nedf1y émpty to complete the loop of its route. Its
potential is there to carry a full passenger load on the
return trip, but this is, practically speaking, impossible.
Thus, although it consumes fuel for the complete loop, it
actually provides transportation for fewer than the maximum
rated passenger-miles. The same holds true for, say, a
delivery truck which leaves the warehouse full and returns
empty. The ratio of actual service rendered versus
potential service is called the "load factor" and must be
used in connection with an energy analysis.

Load factors also hold for private vehicles, as exemplified
by a passenger car rated for six seats and carrying only
the driver having a Toad factor of 1/6, whereas motorcy-
cles, usually considered as single-seaters in spite of the
extra-long seat and foot pegs for a passenger, may actually
be given a load factor of 2.0 when a passenger is carried.

4, Certain goods lend themselves naturally to specific
modes of transportation. Perishable cargo lends itself to
air'tranSport, but iron ore is not shipped in this fashion.
Natural gas and pipelines go together, but appliances are
transported by rail and truck. Cargo density and fragility
also become important factors in determining which mode of
transportation is practical. A commonly used unit of goods
transport is the "ton-mile" which depicts the movement of
one ton of freight the distance of one mile. However, it
is important to specify the type of cargo to avoid
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“misleading generalizations about the relative efficiency of
various transppftation modes. For example, a supertanker
may use less energy per ton-mile than a truck, but this
would hold trué;fqr oil or bu]k cargo, not for transporting
eqggs. '

5. Other’ aspects of transportation service (such as time
value, hours of available service, and the temporal and
spatial availqﬁj]ity of access and egress) are also
important in the analysis of modal alternatives. Unless
equivalent traﬁgportation service occurs in the alterna-
tives, or is somehow accounted for, the analysis is less
than rational.

6. Certain items may be used either as fuel or as struc-
tural material. Wood is an obvious example. In the case
of roadway and airport cdnstruction, asphalt, a major
constituent, also falls in this category. Although these
materials are not "consumed" when used in construction,
their inherent thermal energy is rendered unavailable for
future use due .to the impracticality of extracting these
materials once they are placed. For the purpose of this
report, these construction materials are charged with an
energy value equivalent to the amount of energy that would
have been expended if they had been used as a fuel. For
asphalt, this 15 the inherent energy of the asphalt minus
the processing energy necessary to refine it into clean
burning fuels (see Appendix G). Once placed, the materials
are given'a zeEb salvage value. Therefore, if they are
used in the future in a recycling operation, the remaining
inherent energy is cons1dered as a bonus for the recycling
project, rather than a deb1t for the initial construction.

7. The ease with which materials lend themselves to
recycling can be important in an energy analysis. Both
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portland cement concrete (PCC) and asphaltic concrete (AC)
pavements can be recycled. Although both become aggregate
during the process, much of the asphaltic binder in the AC
can also be recycled by heating and fluxing whereas the
portland cement in the PCC cannot. This property may be
very important in an analysis of pavement type.

The Technical Approach

An energy analysis, although containing many elements of
art, does lend itself to the technical approach. This
approach is based on due consideration of the physical laws
of thermodynamics and on empirical data obtained by
research‘énd experimentation.

The first law of thermodynamics establishes the definite
convertibility of mechanical work to and from energy, and
the second Taw establishes the concept of entropy, in which
energy, once expended, cannot be fully recovered. This
Teads to the concept of efficiency which is a measure of
the energy output of a process (say, an engine) versus the
energy input required to run the process. For example, a
typical petroleum-fueled electric power plant requires
three units of energy input (in the form of fuel) for every
one unit of energy it produces. The rest of the input
energy is lost mostly in the form of heat at the stack and
in mechanical losses. Such a system is said to have an
efficiency of 0.33.

The Process Analysis Approach

Fuel consumption factors for things such as manufacturing
an automobile or constructing a highway bridge can be
developed by estimating the total energy required for the
process (process approach). This includes the energy
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direét]y requiréHFto operate the various pieces of equip-
ment used in manufatturing or constructing the product. It
also includes the energy required to mine or obtain the raw
material, to transport and to refine the material. Some
authors even in;]ude the energy consumed by workers commut-
ing to the work:place.' The drawbacks of the process
analysis abpfoddh are that it requires considerable data
collection-and calculation and it is difficult to define an
endpoint to the study of the various input elements. Its
advantages are that it readily identifies the most inten-
sive opergtions:and it more easily allows the analyst to
see the effects of changing assumptions or updating a data
base.

The Input OQutput (I/0) Approach

Anothek approach to developing energy factors such as those
used for highway or bridée construction is to estimate the
total quantity of fuel which must be input into an industry
to obtain a‘given dollar value output. The cost of the
product is then multipiied by this industry-wide Btu to
dollar ratio to obtain the fuel cost. A1l costs must be
reduced to a base year before this method can be applied.

The drawbacks 6? the I/0 approach are that it is based on
inadequate statﬁstica1 data and the cost of fuels vary from
region tq'regioﬁ and inflation does not apply uniformly to
all products. A]so, it does not allow differentiation of
products of different energy intensity within a given
industry.

However, only cost estimates are usually availablie in the
early p1ahning”§tages of a project. Because of this reason
and the simplicity of this approach, the I/0 method is
often used for éna]yzing project construction energy.
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Chapter 10

PROCEDURES FOR CONDUCTING A PROJECT ENERGY STUDY

Each energy‘ané1ysis is unique to the transportation system
or mode bejng studied. Achievement of meaningful results
requires that an individual study be performed for each
case or alternative under consideration, with careful
selection of appropriate data and use of the corresponding
energy factors. It is important that the study be correct-
ly planned at the outset.

Planning an Energy Study

The purpose of an energy study is to predict the effect of
a proposed action on the consumption of energy. Usually,
an action is presented in the form of several proposed
alternatives (no build and build) which must be separately
analyzed and then compared.

The extent to which an energy study will be useful in pre-
dicting impacts from the proposed action depends Targely on
how well the study is planned. Proper planning will
provide a comprehensive approach that will yjeld sufficient
data and ihformation‘to adequately examine the ramifica-
tions of the proposed actions.

Several basic steps that are applicable to any technical
study and stould be covered in the preliminary p]aﬁning
stage are discussed 4n this section. These are: (1)
determine the need for a study, (2) decide on the appropri-
ate Tevel of effort, (3) list the general objectives of the
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study, (4) select the parameters to be studied, and (5)
locate and designate sources for the data.

1. Determining the Need - Some important factors in
determining the need or necessity for conducting an energy

analysis are the following:

ae Mandatory requirements through regulations.
Numerous and ever increasing governmental regulations may
require that energy be addressed at some point in the proj-
ect deve]opmenﬁ process, In California, for example, the
State Environmental Quality Act requires an energy analysis
to be conducted when an action will have a significant
effect on energy.

b. Pub]ic opinion., Have existing environmental
groups shown concern over energy supply and expenditure
aspects of the proposed action(s)? Have other citizens'
groups formed to analyze or oppose the action(s) with
regard to its énergy aspécts?

C. Nature of the)project. Are the mode, design,
materials, operations, traffic, etc., of a transportation
project energy'intensive? Are there opportunities for
energy conservation?

d. ~ Contact with public agencies., During initial
contact fegarding the project(s) with public agencies (such
as the EnVironmehta] Protection Agency, the Federal Highway
Administration; the Department of Energy, the State Energy
Agency, the Maritime Commission, the Urban Mass Transporta-
tion Adminjstfﬁtion, the Federal Aviation Administration)
has any indication of concern regarding energy expenditure
been'recejved?
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€. Existing problems in energy supply or distribu-
tion., Does available information indicate energy or fuel
distribution problems in the region under study? Will the
proposed action(s) overtax the system, on either a short-
or long-term basis? Will the proposed action(s) alleviate
or relieve the existing problems?

2. Deciding on the Level of Effort - Once it has been

decided that a study is necessary and clear objectives have
been established, a decision on the appropriate level of
effort needs to be made. It should involve the following
considerations:

a. What are the time constraints? Does the project
schedule allow Tleeway in the energy study? When does the
EIS process require the complete input?

b. Are sufficient resources available? 1Is suffi-
cient manpower available? Are personnel with proper exper-
tise available? Is the necessary equipment on hand? Is
sufficient financing available?

Co In determining the need for a study, what did the
nature of the project, public opinion, contact with other
agencies, and existing problems indicate in terms of desir-
able depth of study. '

d. What is the availability of input information

(design details, traffic counts and predictions, material
quantities, costs, etc.)?
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143. Specifyinﬁkdénera1 bbjéctivés - One or more clearly
defined objectives should be developed in the study
planning stage., These objectives give direction study and
afford an opportunity for assessing progress and exercising
control during the 1ife of the study. They also generally
define data needs and interact with decisions regarding the
desirable Tevel of effort for the study. Some typical
study objectives are:

ae Obtain an energy baseline against which to
measure the effect of energy conservation
‘ stratégjes.
b. Analyze a conservation strategy.
Ce Compafe elements of a system.
d. Compare design alternatives.
2. Establish predicted energy availability.

After the generh1 objectives are defined and data sources
are evaluated, it may be desirable to develop more specific
objectives for ‘various parts of the study. An example
would be the comparison of several structural section
designs for a highway.

4, Selecting Parameters - The energy consumption param-
eters to be studied depend on the particular transportation
mode. In general, parameters include the direct fuel con-
sumption'charaé;eristics of specific vehicles used plus the
various indiredi energy considerations pertaining to each
mode,

Also, service parameters must be studied. Transportatjon
is a service ana the energy consumption values must be
matched with this service. Typically, direct energy (fuel
consumptipn) iﬁ'ca]cu]ated from the vehicle-miles traveled

b2~



by each vehicle class. Each of these vehicles has a rated
capacity in terms of passengers or cargo. In practice,
vehicles are seldom loaded to capacity 100 percent of the
time. Thus, the actual service rendered is usually less
than the potential service available. This is accounted
for in an analysis by the use of a "load factor" which is a
ratio of éCtha1kto potential service., Studies have been
conducted to determine typical Toad factors for various
modes of transport using statistical data. However,
studies should be conducted for specific projects when
conditions warrant such action.

5. Locating Data Sources - Sources of data include

published information (such as this report), statistics
obtained through public and private sources, expert opin-
tons obtained through correspondence or consultation with
recognized authorities, and results obtained by direct
experiment or original research. Inasmuch as an energy
study may be challenged — in or out of court — it is vital
that all data sources be clearly documented and presented
in the appropriate section of the final document. Data
that are conjectural in nature should be clearly labeled as
such, Further discussion of data and evaluation of the
sources is given in the following section under "Collection
and Development of Required Data".

Conducting the Study

The manner .in which a transportation energy study is
conducted is a direct result of the objectives developed in
the planning phase. In general, transportation energy '
studies may be classified as being in one or more of three
broad categories: (1) System studies,  in which a
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”substantié11paﬁi of an.éﬁiire transportation system is
affected (for example, creating a new rail mass transit
system in an area, or initiating air passenger service
between two cohmunities); (2) Project studies, in which

specific projects within an existing system are involved
(for example, adding a new highway section to bypass a cen-
tral business district, or building a new railway bridge);
and (3) Operational improvement studies, in which methods
of improving the energy efficiency of system operation are
involved (for example, freeway ramp metering, or changing
the cruising speed and schedule of ferryboats),

To further complicate the matter, a project in any one of
the study categories may be in a different stage of devel-
opment, such as planning or design,

Although each general cafegory may call for a different
level of ana]ysjs and input data, certain elements are
basic to any aﬁﬁ]ysis once the specific definitions of
alternatives have been developed. The following elements
comprise a recdhmended study methodology:

1. ~ Coltect and develop data on:
do Direct energy use,
b. Indirect energy use.
c. - Service parameters.
2. Se]eét_or develop appropriate energy use factors.

3. Analyze data in terms of Items 1 and 2.

4. Present a rational comparison of alternatives.
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These study elements are discussed in the following section
and shown in block diagram form in Figure 11. Although the
general tone of the discussion is directed at land surface

transportation, these principles of analysis apply equally

to air, mafine and pipeline transportation,

Co11ectioh and'Development of Required Data

These are functions of major importance because data quali-
ty and detail have a direct effect on the final evaluation.
The types of data required are statistics pertaining to
direct and indirect energy consumption and service param-
eters for the proposed alternatives. The detail required
for an analysis at the planning stage will be far less than
that required for a design stage or project level analysis.
The accuracy or validity of the data has a direct
relatjonship to the length of time between analysis and
construction. The longer the intervening period, the more
difficult it is to make good estimates. Hence, the level
of detail should reflect the uncertainties involved in the
analysis. A hypothetical 1ist (for rbadways only) illus-
trates possible data categories for a fairly comprehensive
project level analysis (Figure 2).

Table Il shows service parameters which suppiement Figure
11 in certain situations.
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CTABLE II

Service Parameters

Passengers:
' Rated passenger-miles
Load factors
Effect on other modes

~Cargo:
Type of cargo
Rated ton-miles
Load factor
Effect on other modes
Fragility
Time value

Often, requireq‘data will not be available in sufficient
detail. Such gaps in the data must be covered by reason-
able estimates brior to proceeding further, A sensitivity
analysis (such ‘as the one previously discussed) may be an
aid to determining the significance of possible inaccu-
racies in such an estimate. The new computer analysis
capability has been developed specifically to aid in the
development of such a sensitivity analysis. This allows
the user to quickly see how changes in specific input
parameters wilt affect the final output.

In collecting data for direct energy use, traffic data may
present a problem, espectally when the action being
ana]yéed is one that introduces perturbations in the rest
of the traffic nétwork.‘ Although traffic data for an
existing situation may often be generated from current
measurements, data for érfuture sttuation will have to be
developed.. This will probably involve Ihe exercise of a
transportation'or traffic model. At p%esent, only a few
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models afe constructed to be compatible with the data
requirements of energy models. Because traffic data
requirements for energy analyses are similar to those for
air quality, acquired data for one type of analysis will
generally be applicable to the other.

Faci]ity-felatéd data for direct energy use (alignment,
grades, etc,) are usually the easiest to acquire, using
either direct measurement or as-built plans for existing
facilities and preliminary engineering plans for proposed
facilities. '

Indirect data may be acquired from a variety of sources,
inc]uding.this report. Vehicle-related information (makes,
models, weights, etc.) is often available in published
statistics of transportation agencies, public or private.
Facility-related indirect data are often available in
preliminary studies that normally would precede an energy
study. Construction dollar costs, structure life, light-
ing, as well as types and quantities of materials, would be
available, or could be estimated from project plans and
specifications, Judgment should be exercised in selecting
useful life, used to prorate the manufacture or construc-
tion energy. This report and other literature may offer
information and assist in filling gaps in the data.

Peripheral energy data (land use, energy availability,
etc.)'may.be available from federal and Tocal agencies that
regulate utilities, regional planning boards, energy
conservation administrations, and transportatioh planning’
départments within local and state transportation agencies.
Because peripheral energy change may vary from removal of a
few trees (in widening a mountain road) to attracting new
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'populatioh centers (in creating a new transportation corri-
dor),,se]ection,of appropriate data sources is left to the
Judgment of the_user.

Data re]ating'tﬁ the transportation service being rendered
may be available from agency statistics, operating sched-
ules, field surveys, planning estimates and other sources.
Typically,-a proposed set of alternatives would provide
equai transportétion service but consume differing quanti-
ties of energy.? In this case, the service data required
can be minimal, |

Selection or Development of Appropriate Energy Factors

System and projéct level studies often require different
types of energy factors. System studies are usually broad
in scope and usé factors developed from generalized
information. Dﬁe to their nonspecific nature, these
factors are more_suitablé for gross estimates rather than
precise calculations. Most of the factors for air, marine,
and pipeline trﬁnsport fall into this category. Project
level studies ake usually more precisely defined and this
allows the use of much more specific energy factors. The
detailed nature of project level energy calculations allows
individual differences between competing alternatives to be
determined with a high'degree of accuracy.

Direct éﬁergy analysis for system studies is often depen-
dent solely on the vehicle type and total miles traveled,
For highway modés, it is also dependent on the year the
study takes plabe because highway vehicles are expected to
become more fuel efficient in the future.
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Highway project studies can involve the use of many energy
factors, Usually a base fuel consumption rate will be
established for each vehicle type under a given speéd and
grade, To this are applied various modifying factors for
curvature, slowdown/speedups, stops, cold starts, etc. A
future year correction factor must also be app11ed for
studies conducted in suhsequent years,

A new direct fuel consumption methodology has been devel-
oped which can be used for both project and system level
highway. studies, It can be used to determine the fuel
consumption for congested urban conditions without using a
detailed speed-distance tachograph normally necessary for a
project level study. A1l that is necessary is a determina-
tion of the vehicle's average speed. The calculation
procedure and energy factors are described more thoroughly
in Appendix C.

Indirect energy is calculated by determining the energy
equivalent of all the material products and operations
necessary to keep the transportation system operable. This
task is performed in the following manner:

1. The total energy consumed by vehicle manufactufe is
prorated according to the expected useful life (in terms of
time or distance frave1ed). The appropriate fraction of
the total is then charged to the alternative under study.
Where applicable, the inherent salvage energy of the worn-
out vehicle is prorated in the same manner and a fraction
is credited to the balance sheet be1ng developed by the
analysis.

61



3

‘2. Estimates of vehiclé maintenance and associated facil-
ities and operations are charged to the alternative under
study. This would include estimates of tire wear and oil
consumption.

3. If facilities must be constructed, estimates of the
energy required are calculated by one of two methods,
depending on the available data. Where details are limited
and only cost estimates are available, crude approximations
are based on studies correlating project cost to energy.

It should be kebt in mind that dollar costs must be
converted to baée-year constant dollars through utilization
of appropriate inflation factors prior to computations
involving Btu-per-dollar factors. Results of these studies
are presented in the "Highway Construction Price Index"
table found in Appendix C. Where the quality of data
permits, estimates should be based on the type of facili-
ties, per1phera1 equipment, materials quantities and
transport, and construction operations required to create
the projects. The total energy consumed by facility
construction isiprorated according to the expected useful
life (usually 1n terms of years), and the appropriate
fraction is charged to the study. Salvage energy is
considered wherée applicable; however, this value is often
dinsignificant of may even be negative 'in nature, as in the
case of nuclear wastes from conventional fission plants
which must be stored and monitored for centuries. Dismant-
ling and mon1tor1ng these plants at the end of the1r useful
Tives wou]d a1so consume substant1a] energy.

4, Estimates pf‘facé]ity operations and maintenance ener-
gy are charged to the alternative under study.
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5. The enérgy consumed or saved from the peripheral
effects of a proposed action is charged to the alternative
under study. The nature and magnitude of peripheral
effects may not lend themselves to proration over a given
time period and the resulting value of peripheral energy
may be reported separately as a gross total,

6. A11 values of direct and indirect energy consumption
are added (with the possible exception of peripheral
energy) to provide a total consumption figure which may
then be compared with a similar analysis for a different
alternative, Because the numerical value in Btu is often
astronomical in magnitude, it is recommended that the final
totals be converted to the more manageable and
comprehensible unit of equivalent barrels of crude oil per
day (a barrel containing the potential thermal energy of
5.80x100 Btu).

Service parameters are often presented along with energy
consumption because system or project alternatives are
being proposed to provide a given service, This service
should be stated in terms of vehicle miles, passenger-miles
or ton-miles for specified type(s) of cargo, These service
parameters may be obtained by computing the value of rated
passenger-miles or rated ton-miles involved from informa-
tion about the types of vehicles, their maximum rated
capacity and the distance they will travel. This rated
servibe is then modified by appropriate load factors to
obtain the -actual service rendered. MWhere load factors
pertaining to the specific circumstances under study cannot
be obtained, gquideline values are presented in the various
appendices, The time-value of service must also be
considered. For example, if the desired result of a set of
alternatives is to provide adequate peak-hour commuter
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 service, not bﬁﬁy the quantity, but also the timing of this
service becomes important.

Where applicable, the effect of an action on other modes of
transportation should be calculated. This may be
accomplished by'estimating the change in existing traffic a
proposal may foster (a new bridge may reduce ferryboat
service) and an appropriate energy analysis should be
conducted to‘cémpute the resulting effect.

The methods of'ana1ysis for operational improvements are

very similar to those used for systems and projects. The
significant d1fference lies in the nature of the data.
Direct energy consumpt1on may be computed in one of two
Ways, depending on the proposed action:

1, When the action involves only changes in operational
methods (such as speed limits, signaling, schedules) the
data used primarily involve existing equipment and technol-
ogy. The emphasis is on computation of energy consumption
of various conventional methods.

2, when‘the‘éttion‘invb1ves new and innovative
approaches, additional data must be obtained relating to
their effect on energy and, as an example, the analysis
would proceed as follows:

a. | Direct energy‘consumption may be computéd'based
on data fﬁom 1mbroved'veh1c1e power plants and their fuel
consumption character1st1cs, improved or new types of fuel,
or the switch from one fue] to another; and improved
vehicle eff1ciency prov1ded by mechan1ca1 thermal or aero-
dynamic des1gn. '
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b. Indirect enérgy related to the vehicles
themselves may be computed based on data on altered vehicle
design, materials and construction which may have a
significant effect in the manufacture and salvage energy as
well as on the useful life.

C. Indirect energy related to the transportation
facilities may be computed based on data on altered design,
construction materials or construction techniques. which
would have an effect on construcfion, maintenance and
useful life.

d. Peripheral energy and service rendered is compu-
ted in the same manner as in system or project analyses.

Life Cycle Costing (LCC)

LCC has been used as an economic evaluation method which
takes into account all relevant costs of a construction
project for its given 1ife cycle. These are items such as
the design, construction, maintenance and operation of the
system over a given period of time where reasonable
predictions can be made. It is a valuable tool that is
suited for evaluating alternatives.

With the cost of energy escalating and the petroleum
reserves declining, it has become important to evaluate
transportation construction projects in terms of their
energy intensities. LCC is a method for comparing the ‘“no
build" versus the "build" alternative in terms of energy
-for a transportation project for a given time peribd.
Although the discounting of the future worth of capital is
common in economic evaluations using the LCC, this report
did not include any discoﬁnting or compounding of energy
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“and simply used the total amount of energy expended for a
'project. | |

Two methods for ranking alternatives using LCC are by'
quahtifying coﬁt benefif and payback period. The cost can
be referred to as the energy expended to build the project
and the benefit is the difference between the build and no
build energy (énergy saved). Payback in years is the ener-
gy used to build the project divided by the annual benefit.
In many cases, the benefit is a minus value indicating the
total energy cbnsumption for the build situation was great-
‘er than that for no-build.

The preceding discussion should include salvage energy.
These would béiitems such as pavements, guardrails and
light standards. Energy savings from recycling salvageable
materials are benefits to the project. However, a salvage
analysis is of;en not made because of the lack of data.

Both the cosﬁfﬁenefit and payback were used to develop the
guidelines for est1mat1ng the potential impact between a
build and no bu11d alternat1ve for a highway project.

An alternate method of ranking alternatives is by their
energy efficiency. The energy efficiency may be determined
by dividing the total énergy consumption by the quantity of
service provided. For example, a given project may
inérease capacity along a transportation corridor, thereby
allowing hpre traffic to flow and using more energy.
However, the tbta] energy per vehicle mile traveled may
decrease due to the system having become more efficient.

If the assumption is made that the additional travel gener-
ated by the new facility is actually travel that had
previously taken place on the surrounding regional system
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and this travel is more efficient than that of the
surrounding system, then the new facility may actually be
reducing the overall energy consumption on a regional or
‘national basis.

Appendix D shows an example energy analysis between a
recycling ahd conventional highway project using dspha]t
concrete pavement. An example energy analysis between an
asphalt concrete and portland cement concrete pavement is
included in Appendix H. Appendix C gives an example of a
c¢lassical roadway energy problem, These examples are in-
tended to illustrate the approach and methods for perform-
ing an analysis. The many variables which occur during any
analysis of this type could make a considerable difference
in the outcome and the numerical values used in the example
are not to be applied in a general manner,

Measures of Effectiveness (M.0.E.s)

Currently there are no legislatively mandated standards to
determine the Tevel of significance of an energy impact.
Generally, using less energy is better than using more, but
this is only true if both alternates provide the same Tevel
of service,

Three different measures of effectiveness have been devised
for this study. They are: Total Project Energy, Energy
Payback Period and Energy Efficiency.

1. The total project energy is the sum of the direct and
indirect energy consumption for each alternative over the
entire study period. This is a common basis of comparison
in many cases and the lowest value indicates the most ener-
gy efficient alternative if the alternatives provide the
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samé level of f?ansportétion service. When alternatives
differ by a small amount, the state of the art requires
that this difference be considered as insignificant. Pre-
cisely what should be considered a "small" difference is a
matter of experience and judgment.

The preceding ﬂiscussion on LCC was used to develop a
criteria for assessing impact. An arbitrary criteria for
impact was developed based on the total project energy. 1If
the number of barrels of o0il saved or lost during the life
of the project was +7,000, the project is considered as
having no significant impact. Under this criteria, an
analysis of 73 Caltrans projects indicate 19% positive
impact, 25% no ‘significant impact and 56% negative impact.

As a comparison, the total project energy criteria in ETS
suggested that if two alternatives differed by +10 percent
or 1ess; this difference should not be considered signifi-
cant. An analysis of the 73 projects using this criteria
is also shown on Table III. The data indicate 12% positive
impact, 60% no“Significgnt impact and 27% negative impact.

TABLE III

Criterion for Impact

New Criterion 01d Criterion

Barrels of 0il- - o
Saved or Lost No. and No. and

. During the Percent of Percent of

Impact Life of Project Projects ETS Projects
Pasitive Impact ' >+7,000 14 (19%) >+10% 9 (12%)
No Significant Impact 47,000 1§ (25%)  +10% 44 (60%)
Negative .~ >-7,000 41 (56%) >-10% 20 (27%)
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2. The energy payback period is the amount of time it
takes to recover the quantity of energy expended for the
construction of a project. It is determined by dividing
the construction eﬁergy by the annual energy savings due to
the project. If the project uses more energy than the no
build a]ternatfve, there is no annual energy savings and
the payback period is infinity., This MOE provideé a method
of determining the time it takes to get a return on the
(construction) investment.

A payback period of under 5 years is excellent and is.
considered as a superior investment. A payback period of
greater than 20 years will generally be beyond the forsee-
able future of the project, and therefore not a good
investment, A payback period of between 5 and 20 years is
considered as not significant.

3. The energy efficiency is the total project enerqgy
divided by the total VMT it took to generate that energy
consumption. It is generally reported in units of
Btu/VMT,

This is the only MOE that directly accounts for the level
of service. Competing projects may involve different
levels of development of a transportation corridor which
may draw different volumes of traffic from the surrounding
‘system. Obviously, the largest project will draw the
greatést volume of traffic and consume the largest gross
quantity of energy. However, such a project may reduce
congestion and allow the most efficient traffic flow on a
Btu/mile or Btu/trip basis.
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A t?anépoftatioﬁ‘pfojéc{'s energy efficiency can be com-
pared to the national average efficiency for a fleet with
the same vehic]é mix., A project with a greater efficiency
than the national average (i.e., less Btu/VMT than the
national average) will have a positive impact on national
energy consumption while one with a lesser efficiency than
the national average will have a negative impact. 'The
project with the best energy efficiency is the most
desirable.

The criteria suggested in this report should be considered
a temporary guideline until better information is available.

Computer OutputE
-~ For highway traﬁsportatibn énergy, the new Highway Energy
Analysis Program (HEAP) will print out the following

information for each alternative:

1, A summary pf the direct and indirect energy for the
project.

2. The averagé energy efficiency of this project in units
of Btu/VMT. This will be compared to a national average

for the project vehicle mix and time period.

3. The energy -payback period, if applicable.
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Comparison of Alternatives

1, Project boundaries. In order to compare projects on
an equivalent basis, it is imperative that the geometiric
boundaries of the analysis be consistent for all alterna-
tives, If one alternate necessitates the analysis of traf-
fic on a compeéing side street, then all alternates should
include this street. Generally, the Timits of the analysis
boundaries will be determined by the alternate that induces
the Targest perturbations in the traffic patterns. Any
side street that experiences a traffic change of +5% should
be included in all analyses if possible,.

2. Porté1—to-porta1 energy., Alternatives must be com-
pared in terms of the total transportation service required
for the trips that will be made. Invariably, a certain
portion of most transport is performed by roadway vehicles
(airport to city, etc.). Park-and-ride, or kiss-and-ride
bus or rail transit systems require access and egress
through the use of private cars, The energy consumption of
these vehicles should be added to that of the main mode(s).
Also, certain alternatives may be more circuitous than
others, Both Tline-hdul and access/egress travel should be
considered in the trip distance of each mode. The final
comparison should compare the energy consumed to provide
portal-to~portal service. |

3. 'Transportation system energy. This analysis examines
the influence of a project or alternative on the present
and future energy use within the entire transportation
system, Items of concern are such things as changes in
travel patterns that extend outside the project, patronage
for the project that may have its source in a less or a
more efficient mode, and the possiblility of fostering a
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‘mode fﬁat'may'F%dﬁce future options. Some alternatives,
although more energy-intensive in their present form, may
allow modification or conversion to a more efficient system
at some future date, whereas the more immediately attrac-
tive alternative may not permit the same flexibility.

4, Regional energy. Placing a transportation project in
the context of present and future regional energy supply
and demand effectively integrates transportation energy
uses with those of other'sectors. It allows estimation of
the peripheral energy use effects of the transportation
system. Some typical elements that might be included in a
regional energyjanalysis are:

a. The timing of the energy expenditure. A "do-
nothing alternative does not require immediate consumption
of large quantiﬁies of energy, whereas an energy-intensive
construction project may consume enough energy'in a short
time period to Efeate a strain on the energy supply of a
region, On the*other hand, near-term energy expenditures
may be of less Eoncern than those of 10 years hence. At
that time, deff@it payments, problems with foreign oil sup-
pliers and dimiﬁishing Alaskan production might mean more
difficult times; This construction energy may be paid back
by more efficient operation and the time required for pay
back should be evaluated in a Tife-cycle analysis.

b. The type of energy used by the facility and its
present anﬁ‘future avaitability. Units of energy alone may
obscure complications arising from use of scarce or energy
intensive fuels or alternatives requiring heavy use of
electricity may-overtax Jocal utilities during peak'periods
or seasons., Consequent energy shortages could, in turn,
curtail transportation service.
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C, The transportation facility may induce growth,
Although growth might occur in a particular sector of a
given region without the existence of a proposed facility,
the presence of the facility will normally accelerate land-
use changes. The land-use changes are normally in the
direction .of. greater energy use and must be evaluated in
terms of regional supply and demand as well as net impact
on national reserves.

d. The physical extent of the facility and its
right-of-way preempts other uses of the Tand it occupies.
In agricultural areas, or areas where natural ecosystems
have high productivity, it may be necessary to account for
the loss in bioenergy that otherwise would have been
produced.

Other possibilities for peripheral effects exist in that
the facility and the nature of the accompanying development
might make recovery of a local fossil energy deposit
uneconomical or reduce the options for siting nuclear power
plants.

-

Transportation Systems Management (TSM)

TSM is a term commonly applied to almost any management
strateqy designed to maximize the efficient use of trans-
portation systems. These strategies are usually intended
to reduce-congestion and increase fuel economy. These
goa]é can be obtained through a variety of schemes includ-
ing, but not Tlimited to: ramp metering, ridesharing, high
occupancy vehicles, computerized signal systems, flexing of
work hours, and parking management.
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TSM often involves tradeoffs between competing modes of
transportation within a region. As such, they are local
issues and are best analyzed on a regional basis.

TSM is a broad subject and its complete ramifications are
beyond the scope of this text, The basic energy analysis,
however, is ac%omp]ished in a manner similar to that of any
other transportation project. The specific method for any
given analysis will vary considerably with the specific
strategy being“used. Appendix I presents an example study
for a ramp.metering project.




Chapter 11

REPORTING AN ENERGY STUDY

The technf6a1 document resulting from an energy study
conducted,” analyzed and reported as described here can be
considered a technical environmental document. Fortunate-
1y, the procedures and data necessary to generate such a
document are applicable to other purposes as well,

Content and format for various technical environmental
impact documents are quite similar. Certain functions must
be performed by the document regardless of whether the
study involves air quality, water quality, noise or envi-
ronmental resources such as energy.

The primary function of an environmental document is that
of communication, Impact information has to be presented

to two basically different groups of people, the technical
and the nontechnical, The report must communicate equally
with both groups. In the nontechnical sense, information
must be in a form suitable for presentation at a public
hearing, for use by executives and lay groups in decision
making, and for incorporation into an Environmental Impact
Statement (EIS). From a technical standpoint, the document
must fully support the EIS and must satisfy the needs of
the technical reviewer who wishes to assess the validity of
the study and its compliance with environmental Tlaw,

To satisfy both levels of need, the report 4s written din

two parts. The second, or technical, part is written
first. The first part is then written to summarize, in
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“nontechnical ilanguage, the more important findings of the
study. Depending on the study objectives, this summary can
be presented in a form suitable for incorporation in an
EIS.

In an energy réport, particularly in the summary, the
values repnrted should reflect the accuracy of the analy-
sis, In many cases, equally competent authors offer energy
use factors that differ widely. This might suggest that
certain values should be reported as a range rather than

a single values In any case, reporting fractional values
is never warranted. Because the Btu and the kilowatt~hour
have 1ittle connotation of quantity in the experience of
the average pefSon, a more familiar term such as equivalent
barrels of 611, should be used.

A report may be directed not only toward a broad category
(system, project or operational improvement) but also
toward something more specific, such as a project phase
(planning, design, construction or operation and mainte-
nance). A report may also bresent the results of a very
restricted study, such as an energy analysis of several
different pavemént desigps. It can be seen that the func-
tions to be seEVed by a report will vary widely depending
on the objectiﬁes defined in the study phase, A relatively
complete study'might serve several of the following
functions: ) |

1. To_deépribé existing transportation energy use as a

. baseline against which future energy changes can be
evaluated. :
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2. To provide energy consumption and conservation input
to the EIS.

3. To provide planners with energy consumption informa-
tion that will enable logical trade-off analyses in system
planning, mode selection and corridor location.

4, To provide designers with energy consumption informa-

tion that will enable logical trade-off analyses 1in geomet-
ric and structural design, volume and flow alternatives and
materials use.

5, To encourage and provide information for analysis of
operations during construction to conserve energy.

0. To provide energy consumption information that will
allow logical trade-off analyses during the maintenance and
‘operation phase.

7. To provide an energy input to transportation system
management measures.

Considering the various functions of a relatively compre-
hensive report, the following outline presents a basic and
flexible format in which to present an energy study:
Nontechnical Portion {or Summary)

i, Introduction

2. Conclusions
3. Recommendations
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“Techni¢al Portion

4.  Background discussion
5. Data bank and contact description
6. Description of the analytical approach
7. Predictions of energy consumption and
‘conservation
8. Planning information
9, Design information
10. Consﬁruction information
11. Mainfenance and operation information
12.. Continuing evaluation
13. Bibliography
14, Appehdices

The following discussions are keyed to the foregoing
outline: '

i, The introduction should be a short narrative statement
that describes the existing situation, the need for the
proposed improvement and the location and extent of the
various alternatives in sufficient detail to provide the
reader with a mental picture of the work to be done. The
project description must provide ample background informa-
tion (including public concerns) so that the reader fully
understands the context and the transportation system into
which the project fits. Imparticular, the project must be
placed in the context of energy-related problems and
constrainfg in the project region. Description of the
background is Best accomplished by abstracting Section 4.
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2. Generally, the conclusions summarize Section 7. When
an energy study is serving as technical input to an EIS,
the conclusions should reflect those objectives, Because
most energy analyses are time dependent, the conclusions
can be presented in the form of simple graphic trend Tines
and tabular summaries accompanied'by a narrative which, 1in
the case of an EIS-oriented study, ties directly to the
followingr

a. The anticipated impact of the various alterna-
tives on energy consumption and conservation. Direct ener-
gy use, by fuel type, and indirect energy should be shown.
Both beneficial and adverse impacts should be discussed.
Some possibilities are:

(1) Comparison of the energy use of the various
alternatives in terms of total project energy, energy in-
tensiveness, portal-to-portal energy, transportation system-
energy, or regional energy.

(2) Effects of the alternatives on Tocal and
regional energy supplies and on requirements for additional
capacity.

(3) Energy requirements and energy use

- efficiencies of the alternatives for the various stages of
construction, operation and maintenance, and removal (ini-
tial ‘and tife-cycle energy costs).

(4) Effects of the alternatives on peak- and
base-period regional energy demands. '

(5) Compliance of alternatives with existing
energy regulations or standards.
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(6) The effects of the alternatives on national
energy resources.

For both the build and the no-build alternative, it is
important to consider the indirect energy requirements for
maintenance and operation in addition to the direct energy
for operafion.f

b, The ﬁnavoidab1e adverse effects of the alterna-
tives on the energy resource. Unavoidable adverse effects
m1ght include such things as resource depletion and waste-
ful, inefficient or unnecessary consumption that cannot be
mitigated,

Ce The effect of the various alternatives on the
relationship between local short-term uses of the energy
resource and the enhancement of long-term productivity.
This effect ma&-be expressed by examining the foreclosure
of alternative land uses, future transportation alterna-
tives and other uses to which the project energy might be
put. Life- cycle costs may be important.

d. The {rreversible and irretrievable commitments of
the energy resource that would accompany the implementation
of the various alternatives, These might consist of such
things as the preemption of future opportunities for energy
development or conservation, the use of fuel, and use of
construction materials.

e, Mntigaiion or energy conservation measures that
might be part of implementing any of the various alterna-
tives. These measures would be aimed at reducing wasteful,
inefficient, and unnecessary energy consumption in all
phases of the p?aject. They would include any specialized
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machinery such as regenerative motors or flywheel storage,
design features, pavement recycling at a future date,
alternative fuels or energy systems, potential for reducing
peak energy demand, and siting and orientation to reduce
energy demand.,

Other eleﬁenfs'requiring discussion in this section might
be the consistency of the various alternatives with region-
al and national energy goals and the consumption of energy
by any growth or development resulting from the project.

3. A recommendation on the preferrred alternate would not
be included in this summary. This section would usually be
written to summarize information presented in Sections 8
through 11. This information is an input to the various
phases of a project and serves to identify oﬁportunities
for energy conservation and prevention of wasteful or
inefficient consumption.

4, The background discussion provides information on the
project in terms of its energy setting. Important things

to discuss might include:

a. Existing regional energy use patterns in terms of
fuel type used and temporal aspects.

h. - Regional energy supply and demand situation.

Cc. Regional energy supply and demand associated with
anticipated Tand-use changes.
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d. Areas in the immediate project vicinity with
energy potential such as fossil fuel deposits or geothermal
SouUrces.,

€. Potential or proposed power plant sites in the
immediate project vicinity,

f. Expressed energy concerns of the public, local
agencies, environmental groups, etc.

5. A data bank and contact description is necessary to
satisfy regulatory agency reviewers. It also provides a
"memory freshener® for study review in the future., Brief-
Ty, this sectiqh of the }eport includes a listing of
productive and nonproductive data sources and contacts that
were utilized in developing the energy study. A chronology
should accompany the Tisting.

6. A description of thé analytical approach 1is necessary
for the technical reviewer. This provides an indication of
the technical adequacy of the document. The approach
should be discussed in sufficient detail to allow review of
the important steps and show continuity in the analysis.

7. Predictions of energy consumption and conservation
which developed from the analysis are presented in this
section, " These constitute the "results" of the study.
Types of prédicfions to be made are dependent on the objec-
tives of thg.study. Where the study is to serve as EIS
1nput,'the'parameters discussed in Section 2 could serve as
a framework,
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8. If the objectives of the study are such that energy
information is developed which may be of use in the
planning phase of a project, it would be presented in this
section for special attention by transportation planners.
Even though the information may appear elsewhere in the
report, this section allows a special orientation toward
problems and opportunities in the planning phase. -

9. Information for design input js often in the nature of
impact mitigation and calls attention to materials and
design parameters that offer energy economies or wasteful
energy expenditures,

10. Construction information presented in this section can
provide the construction engineer with the necessary
insight to recognize possible energy conservation opportu-
nities that may occur during the contractor's operations.

11, The maintenance and operation section is intended to
carry the applicable results of an energy study on beyond
the construction phase. An analysis may contain results
that are predicated on certain types and frequencies of
maintenance activities. Knowledge of the analysis may
provide further opportunities to revise practices and
promote conservation.

12, As energy conservation techniques become more impor-
tant ‘and ére pursued in project development, many assump-
tions wi]i_be concerning the new and unproven approaches.
To determine the worth of such techniques and assign more
accurate values to them for use in analysis, feedback must
occur. To enable the proper feedback, this section can .
provide a ltisting of those areas where more information is:
needed to refine the assumptions. ‘
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13. The bibliography provides a list of pertinent refer-
ences for the reader. It should not duplicate Section 5,

14. Where necessary, calcu]ations'or other pertinent mate-

rial may be appended to the report.
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10.
11.

12,
13,
14,
15,

16.
17.
18,
19.
20,

TABLE IV

ENERGY REPORT CHECKLIST

EIS Content (Ref. F.R. 12-29-80) Yes

No

Alternatives which promote energy conserva-
tion have been included in the study

Analysis differentiates between petroleum
and nonpetroleum energy sources

Energy consumption in facility operation
and maintenance

Regional energy impacts of the proposed
action and the regional transportation pian

Present analysis in terms of BTU

Total energy consumed by vehicles predicted
to use facility

HIGHWAYS
Vehicle miles traveled

Average vehicle occupancies

Changes in energy consumption through
changes in traffic flow

Generated or induced trip

Energy use for street 1ighting and tunnel
operation (if significant)

AIRPORTS
Energy use in terminal facility

Energy use by aircraft

Passenger load factor

Energy use 1in transportation to and from
airport .

TRANSIT AND RAIL

Energy use by transit vehicles or trains:
Energy use at terminals

Passenger load factors

Changes in modal split

Energy use in access to transit
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25,
26.

27.
28,

29,
30.

31.

32,

33.

34,

-
i1

STGNIFICANT INDIRECT IMPACTS Yes

No

Changes in land use patterns contributing
to longer ‘or more energy consuming
commuting trips stimulated or supported
by the proposal

Trips diverted from other more or less
energy efficient modes

Increased auto use generated by terminal
construction or expansion of parking

facilities- .
: - CONSERVATION
Selection of energy efficient alternatives

HOY lanes .

Interface with transit services in urban
highway proposals

Measures to improve traffic flow

Bicycle and pedestrian facilities

CONSTRUCTION ENERGY

Energy impacts of construction including
energy used by construction equipment

Significant impact on or use of natural
resources such as coal, minerals, etc.

Trade offs between operating and mainte-
nance energy savings and construction
energy consumption

OTHER FACTORS

Consistency of the proposed action with
any state, regional or local energy con-
servation ‘plan

Ref]ettion of energy elements of transpor-
tation planning

Indication of whether the proposed action
is part of an energy contingency plan or

will be relied upon during an emergency
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APPENDIX A

GLOSSARY

This glossary is very 1imited in scope and is intended to
| explain terms used in "Energy and Transportation Systems,"
For a more complete coverage, the publication, "@lossary of
Energy, Economic, Environmental, Electric Utility Terminol-
ogy," published by the California Energy Commission, is
recommended,

Average Daily Traffic (ADT): Average number of vehicles
that pass a specified point during a 24-hour period in both
directions.

Average Occupancy: The average number of passengers per
vehicle in some prescribed time period or operation, In an
aggregate operation, average occupancy equals passenger
miles traveled divided by vehicle miles traveled

(PMT/VMT).

Bbl: Barrels of oil (42 U.S. gallons).

kBarre1s Per Day?011 Equivalent: A measurement applied to
energy sources other than oil for the purpose of making
more direct comparisons.,

Btu (British thermal unit}: The quantity of heat required
to raise the temperature of pone pound of water one degree
Fahrenheit at or near 39.2°F, at standard pressure.

A-1



Btu/seat-mile or passenger mile: A measure of energy _
efficiency, generally implying the fossil fuels (or their

equivalent) used in propelling the vehicle. One variation
is gailons/square foot (of passenger area), advocated by
some for transit operations. Btu/seat-mile is a measure of
potential efficiency, resulting from 100% occupancy, while
Btu/passenger-mile is a measure of actual efficiency.

Bunker "C" Fuel 0il: A heavy residual fuel 0il used by
ships, industry, and large scale heating installations. In
industry, it is often referred to as No. 6 fuel.

Calorie: Originally, the amount of heat energy required to
raise the temperature of 1 gram of water 1°C. Because this
quantity varies with the temperature of the water, the
calorie has been redefined in terms of other energy units,
One calorie is equal to 4.2 joules. (The food calorie is
equivalent to one thousand calories defined in this
manner, )

Calorific Energy: It is the heat energy released when the
product is completely burned. The energy required to
refine, mine, or otherwise prepared such fuels for use is
not included in calculating the amount of heat available in
fuels, The character1st1c of primary concern for mater1als
used as fuels, ' ‘

Construction Energy: Energy used to build the system,
€+9., 'in Transit Ana]ysis-vehitleé, stations, roadbeds,
terminals and associate faci]ities. Includes energy of the
materials ‘as well as the energy in p]acung them,
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‘Cuts or Fractions: Products secured by fractional distil-
lation are referred to as frachions or cuts. Gasoline

fractions or gasoline cut, and kerosine fraction or kero-
sine cut, etc,

Default Value: A designyva1ue based on substantial experi-
ence or studied conclusions to be used for estimating
various parametérs in lieu of actual definitive values,
e.g., average auto fuel consumption rates,

Drive: The eqdipment used for converting available power
into mechanical power suitable for operation of a machine,

Drive, Diése1-E1ectr1c, O0il-Electric: A self-contained
system of power generation and application in which the
power generated‘by a dieée] engine is transmitted electri-
cally by means of a generator and a motor, or multiples of
these, for purﬁoses of propulsion.

Drive, Gaso]iné—EIectric: A self-~contained system of power
generation and Epp]ication in which the power generated by

a gasoline engihe is transmitted electrically by means of a
generator and a“motor, or multiples of these, for purposes

of propulsion, . '

Drive, Gas~Turbine-Electric: A selif-contained system of
power generatioh and application in which the power gener-
ated by é gas-turbine engine is transmitted electrically by
means of a'genéfator and a motor, or multiples of these,
for purposés of propulsion.

LI
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Drive, Steam-Turbine-Electric: A se1f—containedhsystem of

power generation and appiication in which the power
generated by a steam turbine 1is transmitted electrically by
means of a'generator and a motor, or muitip1eé of these,
for purposes of propulsion,

Frejght Efficiénglz A measure of the amount of freight

that can be moved some distance by a given mode of irans-
portation for an expenditure of a certain amount of fuel
(energy}. It is usually defined as the number of tons of
freight moved multiplied by the number of miles obtained
per gallon of gasoline used. (See ton-mile.)

Great Circle Distance: An arc between two points on the
earth's surface formed by the intersection of a plane
passing through the center of the earth. For aircraft or
ships, it is the shortest distance between two points.

GRT (Group Rapid Transit): Public transportation systems
utilizing 8 to 20 passenger automated vehicles on exclusive
guideways. Multiple stops, responding to origin and desti-
nation desires of passengeré. similar to PRT except uses
larger vehicles.

Guideway: A facility for transit-vehicles'whiqh are not
guided by an operator. o B

Horsebower: Measure of power approximately equal to‘746
watts. The force that will raise 746 kilograms a distance
of one meter in one second,

HOVY (High-Occupancy Vehicles): A vehicle, typically an
sutomobile or van, with most of the seats filled with
passengers.
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HOV Lanes: ﬁhighway Tanes reserved for HOV's,

Induced Growth Energy: Energy used 1in building or operat-
ing systems,'structures, or devices that are subsequently
developed because of the existence of a new transportation
facility, ' '

Indirect Ene;gy: A term used to denote all energy inputs
to the construction, operation, and maintenance of a
system, exclusive of traction (propu]sion) energy and
Parasitic Toads within the vehicle,

Input-Output‘Ana]ysis:' A matrix form of analysis, devel-
oped for the field of economics, which is a tabular summary
of the gobds‘and services used in the process of making
other goods or services, The analysis is in terms of
dollars and €ncompasses the entire nation.

Joule: The joule is the work done when the point of appli-
cation of a force of one newton is displaced a distance of
one meter in the direction of the force. (Equal to one
watt-second,):

Kilocalorie: 'The amount of heat required at standard
pressure to raise the temperature of one kilogram of water,
one degree centigrade.

Kiss and Rjdefr A form of access to a mass transit station

where transjt-?iders use automobiles for the trip from home
to the transitﬁstation, where the rider is dropped off and

the automobile. ig used by another person,

KWHT : Kilowatt hour thermal - equals 3,413 Btuy,
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KWHE: Kilowatt hour electric-equals roughly 10,000 Btu,
depending on the conversion loss factor assumed (.33 is
typical) for converting fossil fuel into eiectricity.

L.,A.S.,H,: "Lighter aboard ship", a ship which carries
smaller Toaded vessels on board (similar in concept of
“piggybacking" trailers on train flat cars).

Line Haul: Normally the distance between communities or
population centers.

Load Factor: The average ratio of passengers to seats in
some prescribed time period operation, expressed as a deci-

mal or a percentage, e.g., in public transit, the ratio is
the average of in-bound {peak) and outbound (off-peak)
operations;

Maglev: Magnetic Tevitation; raising a vehicle by magnetic
force (repulsion or attraction).

Maintenance Energy: Includes energy needed to repair and
maintain vehicles and other constructed items of the
system,

Magajoule: 106 joules (abbreviated MJ),
Newton: - The newton is that force which when'applied to
body having a mass of one kilogram, gives it an accelera-

tion of one meter per second squared.

DPEC: Organization of Petroleum Exporting Countriés.
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’Obérﬁt{ng Ehérg§ Ihtensfgy: Vehicle propulsion energy
measured in Btu's per passenger or seat mile.

Parasitic Loads: Power requirements in a vehicle by air
compressoré, colling systems, generators and similar
equipment detracting from horsepower delivered to drive
‘wheels, °

Park and Ride: A form of access to a mass transit station
where transit riders use automobiles for the trip from home
to the transit station, where they are parked until the
‘rider returns (P&R).

Passenter-mi]es} Vehicle-miles multiplied by the (average)
number of passengers on board. Abbreviated PMT.

Petroleum Energy: The total number of Btu's that are
generated from petroleum.based fuels,

Power: The rate of flow of useful energy.

PRT (Personal répid transit): Public transportation system
utilizing small - 2 to 6 passenger - automated vehicles,
operating on exclusive gqideways. Multiple stops, respond-
ing to origin and destination desires of passengers,

Processing Enerﬁy: The amount of fuel and/or electrical
energy requiredito provide a unit of the material in a
usable forh‘— i§ the principal energy consideration for
processed and manufactured materials.
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R amp Metéring: The control of vehicles entering a
restricted access highway (freeway) so as to maintain the

volume-capacity ratio at a point where free flow (no con-
gestion) ex1sts.

Seat-mile: Vehic]e-mi1es multiplied by the number of seats
in the veh1c1e. ‘

Station Energy: A portion of operating energy. Specifi-
cally, the associated parking Tots, administration build-
ings including 1ighting and heating.

Therm: 100,000 Btu. Also that quantity of a gaseous fuel
which contains 100,000 Btu in calorific heat value.

Ton-Mile: In general, one short ton (2,000 1bs.) trans-
ported one mile. A misleading term unless one understands
the circumstances of its computation; e.g., whether only
cargo is involved, and whether empty back-haul is included.
Ton-mile/gal is commonly used as a measure of efficiency in
moving freight,

Variations Include:

CWT/Gal - cargo weight in 100 pound un1ts per ga]]on of
propu1s1on fuel,

Gross Trailing Tons/Gal - Term used im train freight
denoting gross train weight, exclusive of engine
units.

Loaded Trailer/Tgns/Gal - A term used in TOFC (trai]er'
on flat car) operations, referring-to flat car payload
of truck trailer and its cargo.
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Traction Energf?' Includes the energy for vehicle propul-
sion and any parasitic loads such as lighting, heating, air
conditioning or various other energy demands within the
vehicle., This term is generally synonymous with Direct
Energy, a term favored by some authors. Some disagreement
has existed over what parasitic loads are to be included.

Trailing Gross‘Tons: The gross tonnage being pulled by a
train engine. Does not include the weight of the engine,

Travel Speed: _Average'distance/unit of time area
prescribed route,

Unit Train: A system developed for delivering, e.g., coal
more efficiently in which a string of cars, with distinc-
tive markings, and loaded to "full visible capacity", is
operated without service frills or stops along the way for
cars to be cut in and out. In this way, the customer
receives his cdal quick1y and the empty car is scheduled
back to the coal fields as fast as it came,

Vehicle-miles: The sum of the distances {in miles) each
vehicle travels while conducting its transport function.
Abbreviated VMT.

Volume Utilizafion: A term used in freight space utiliza-
tion referring:to the internal container volume used to
store'paékagesg A 60% volume utilization means 40% of the
container is unused. '

Watt: The watt is the power which requires a supply of
energy at the rate of one joule per second.
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'APPENDIX B
Legisiation and Regulations Related to Transportation Energy

‘Federal Laws and'Regulations

1. National EnVifonmenta] Policy Act (NEPA) of 1969
(P.L. 91-190)

This act does not‘specificgily refer to energy but requires
discussion of any irreversible and irretrievable commitments
of resources which would be involved in the action.

2. Environmental Quality Improvement Act of 1970
(PULi 91"224)

" This act assures'%hat each federal department and agency con-
ducting or supporting public works activities which have an
effect on the environment shall implement any policies estab-
Tished under existing law.

3. Federal Aid Highway Act of 1970 (P.L. 91-605)

This act requireﬁfa report which indicates the considerations
given to the social, environmental, economic and other effects
of a plan, highway Tocation or design and various alternatives
which were raised during a hearing or were otherwise
considered, ' |
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4. Clean Air Act Amendment of 1977 (P.O. 95-95)

This act requ1res assessment of the energy impact of var1ous
transportat1on control measures and strategies.

5, DOT Order 5610 IC

This order states that alternatives studied for a project
should include those which promote energy conservation,
Impact analysis should identify petroleum and nonpetroleum
energy sources. Requires energy analysis for transit, rail,
highways and airport actions and a thorough analysis of vari-
ous other impacts.

6. Federal Highway Procedure Manual (FHPM) 7-7-2

This procedure requires environmental impact statements to
document major direct and indirect energy impact of project
alternatives and their potential for conservation, mitigation
measures to enhance energy conservation and discuss the
project relationship with state and regional energy planning.

7. Energy Impact Regulation, Federal Register Volume 45,
No. 250 ' -

This:regdlation details items that need to be addressed in_ﬁhe,
‘environmental impact statement. ' S - '

8. NEPA Regulations, Federal Register Volume 43, No. 230,
Section 1502,16

This regulatjon states that in any environmental impact state-

ment, the environmental consequences-section should include a
discussion . of energy and natural or depletable resources.
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g. Eﬁérgy Sdpb?& and Environmental Coordination Act of 1974
(P.L. 93-319)

This act provides a means to assist in meeting the essential
needs of the United States for fuels with existing national
commitments to protect and improve the environment and to pro-
vide requiréméhts for reports. |

10. Energy Policy and Conservation Act of 1975 (P.L. 94-163)

This act sets vehicle fleet mileage averages for various years
and requires that the U.S. Department of Transportation set
standards for passenger vehicles for future model years after
1980. It emphasizes energy conservation and requires states
to submit energy conservation plans to federal agencies.

11. The President's Environmental Message of 8-2-79¢

This directs the Secretary of Transportation to assure that
federal transportation funds are used to promote energy
conservation.,

12. Executive Order 12185, 12-17-79

This order direch each federal agency to effectuyate conserva-
tion of petroleum and natural gas.

13. Federal Highway Administration (FHWA) Notice 5520.4,
3-21-80 .

This policy provides broad direction on energy conservation

for the federal aid highway program and to jdentify areas that

possess the'greatest area for fuel conservation.
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California Law and Regulation
1. California Environmental Quality Act (CEQA) of 1970

This act specifically requires that an energy analysis be made
as part of an Environmental Impact Report (EIR) for a project.

2. California Department of Transportation, Policy and
Procedure No. 78-17, 10-10-78

This policy is to assure that the Department is utilizing

nonrenewable resources most efficiently in order to minimize
their consumption by the transportation program.
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APPENDIX C

"~ ROADWAY ENERGY CONSUMPTION

€l Introductiodn

This chapter prsénts various methodologies for determining
the energy consumption for highway projects. Included are
energy factors and discussion of direct and indirect ve-
hicle energy for 1ight duty vehicles, medium trucks, heavy
trucks and buses; roadway maintenance energy and roadway
construction enérgy. AVlso included is an example problem
showing how these factors are used.

C2 Direct Vehfc]e.Energy

Three different methods of determining the fuel consumption
of light duty vehicles, medium trucks and heavy trucks have
been devised. The first method is highly detailed and
allows the ana{yst to discretely examine the individual
effect of roadway geometrics and traffic patterns on fuel
consumption. The second method is specifically applicable
to urban congestion where only the travel time or average
speed is known; and individual effects of each slowdown or
stop cannot be determined, The third method is used where
0n1y'the‘tota1'VMT of the project is known. These three
methods méx be utilized in combination with one another to
make use of different levels of information available to
the energy analyst. A fourth separate method is used for
buses due to thg different types of information available
for a transitlénergy analysis.



For the purposes of this investigation, light duty vehicles
are classified as all vehicles with two axles and four
tires. This includes both passenger vehicles and pickups
weighing under 8500 1b. Medium trucks are two axle and six
tired vehicles weighing between 8500 and 19500 1h. Heavy
trucks are def1ned as vehicles having three or more axles
or we1gh1ng over 19,500 1b, '

‘Discrete Fuel Consumption Method

The first vehicle fuel consumption methodology is similar
to that used in "Energy and Transportation Systems"
E&TS(l). It is a disaggregate method where each change in
the roadway geometrics or traffic patterns is modeled
separately. It is most applicable for project Tevel
studies where a high degree of information is available
regarding the proposed undertaking.

This method basically consists of dividing the roadway up
into segments or "links" where the traffic characteristics
are fairly consistent. Knowing the speed and grade on the
link, a base fuel consumption rate is obtained for each
vehicle type (Tables €:1:1 to C:1:3). This base rate may
then be modified by correction factors for cold starts
(Table C:6) or other miscellaneous variables (Table C:7) as
necessary*. The base rate is multiplied by the length of
the link to obtain the link's base fuel consumption. The
additional fuel due to curvature, slowdowns and/or stops is

*Contrary to the old E&TS, recent research has shown
virtually no correlation between fuel consumption and
pavement surface roughness, SO no general purpose
correction factor is used for common highway pavement
surface conditions.
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TR - B
added to this base fuel consumption by using the factors in

Tables C:2:1 through C:3:3. The sum is multiplied by a future
year correction factor (Tables C:5:1 to €:5:3) to account for
changes in fuel efficiency between the base year (1980) and
the projected year of the analysis. This value, multiplied by
the number of vehicles on the 1ink per year, will yield the
annual fuel cornsumption,

The total fuel tonsumption consists of both gasoline and
diesel fuel. The total gallons of diesel can be obtained
by mu]tip]yinglthe percent of diesel (Tables C:5:1 to
C:5:3) in the fuel mix for the study year by the total fuel
consumed. The remainder is gasoline.

‘Urban Fuel Consumption Method

The second direct fuel consumption methodology is used for

urban traffic situations where it is difficult to identify

the-speed profile of the average vehicle. This method uses
the average speed of the vehicle, and already accounts for

the slowdowns and stops horma11y experienced in urban traf-
fic. It is especially useful for situations where conges-

tion induces delay beyond the normal travel time. This may
be applicable for both project and system level studies.

For the urban fue1 consumption method, the base year fuel
consumption rates presented here are only dependent on the
weight of the vehicle and the vehicle's average speed.*

*The average sbeed may be calculated from the attempted
speed and actual delay using the following formula:

distance
attempted speed

distance /‘( + delay) = Average Speed
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The weight of the average on-road light duty vehicle (LDV)
in 1980 has been calculated to be 3938 pounds and the urban
fuel consumption rates presented in Table C:4 are based on
this weight. Table C:4 also presents a formula to calcu-
lTate the fuel consumption rates for LDVs with other base
vehicle weights., The fuel consumption rates for medium and
heavy trucks are based on the average weight of vehicles in
this class and no formula exists to modify them for specif-
ic vehicles of different vehicle weights,

Table C:4 shows the urban fuel consumption rates and the
formula used to calculate them for LDVs and heavy trucks.
These rates multiplied by the vehicle's VMT and the future
year correction factors from Tables C:5:1 to C:5:3 will
yield the total fuel consumption for any given time period
between 1980 and 2005. This total fuel quantity can then
be multiplied by the percent of diesel (Tables C:5:1 to
C:5:3) to further differentiate between gasoline and
diesel,.

It should be noted that the Urban Fuel Consumption Method
is only valid for relatively flat (0% grade) roadway
sections. No data exist for nonflat conditions. We might
suggest calculating a grade correction factor from Tables
C:1:1 to C:1:3 by taking the fuel rate for the grade and
speed desired and dividing it by the rate for the same
speed at 0 grade. This grade correction factor could then
be multiplied by the appropriate urban fuel consumption
rate to get the urban consumption at grade.
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“ VMT Fuel Consumption Method

The third direct fuel canumption methodology is used when
nothing is known about the transportation system other than
the vehicle's total VYMT. This method is most applicable
for use with Targe macroscale regional or subregional
transportation models which will often output only the
total VMT by mode. Generally, it would not be applicable
for a project level study of roadway vehicles.

Tables C:5:1 tb C:5:3 give the average on-the-road fleet
fuel efficiency for each vehicle type. These fuel effi-
ciencies are simply divided into the VMT to obtain the
total fuel consumption which may then be separated into
gasoline and diesel using the percent of diesel column in
these tables. '

Direct Energy-Buses

The direct fuei consumption for buses is calculated differ-
ently from that of the other vehicle types, mostly because
there is no data base similar to that of the above vehicles
to call upon. For the purpose of this report, the fuel
consumption rate for buses is contingent on the following
parameters: bus type, Toad factor, route type and the use
of air conditioning.

Tables €:8 tbitzlo give the fuel consumption rate of a num-
ber of,mékps and models of buses under three load factors:
empty, 20 pas§éngers, énd full., The fuel consumption rates
are further refined into three route types: Central



Business District*, Arterial Streets**, and Commuter*¥**,k
and whether the buses are air conditioned (A.C.) or not.

Table C:11 gives the average of the fuel consumption rates
for the th}ee major bus types: Advanced Design Bus (ADB},
New Look (NL), and Articulated (Art). The equations given
below can be uéed to modify the fuel consumption rate on
the CBD route for all bus types to something other than
seven stops per mile., This is done by taking the fuel con-
sumption rates given in Table C:11 and dividing them by the
appropriate factor below.

CBD Correction Factor (A.C.) = 3.81 x e{-0.1915xn)
CBD Correction Factor (no A.C.) = 3.38 x o(-0.1738xn)

stops per mile

where n

e natural logarithm

*CBD'Route: 7 acceleration/stops per mile between zero
and 20 mph; average speed = 12.9 mph,

**ART Route: 2 acceleration/stops per mile between zero
and 40 mph; average speed = 26.7 mph.

***Com Route: 1 acceleration/stop per 4 miles between zero
and 55 mph; average speed = 46.5 mph.
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B Iﬁdirect Energy-Vehicles

Indirect vehicle energy can be broken down into the follow-
ing four bdsic’components: 0il, tires, general maintenance
and repair, and manufacturing energy. The amount of energy
expended on a per mile basis for these last three compo-
nents will change with the pavement surface condition.
Therefore these?factors have to be multiplied by a correc-
tion factor if the pavement has a different pavement
serviceability index (PSI) value from the base value of
3.5. The base values of the indirect energy components and
their correction factors are given in Tables C:12:1 to
C:12:3. :

Indirect vehjc1é energy for buses is just broken down by
manufacturing and total maintenance. These values are
given in Table C:13.

Indirect Energy-Roadway Maintenance

The energy involved in roadway maintenance can be deter-
mined by identifying the type of pavement (PCC/AC) and the
area type (urbah/rural). Table C:14 gives the maintenance
energy values on a Btu per lane-mile per year basis. These
figures are valid for routine maintenance only: patching,
crack sealing, ﬁighting, landscape maintenance, etc. Major
'rehabilitation projects (such as overlays, slab replace-
ment,-eté.) done by outside contractors should be consider-
ed as conépructjon projects.,
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Indirect Energy-Roadway Construction

There are two basic methods used for calculating roadway
construction energy: the process analysis approach and the
input/output approach. The process analysis approach
follows the construction process along from start to finish
and assigns an energy value for every material and'opéra-
tional step in thathprocess. This method is useful in that
it identifies energy intensive steps and it allows the
analyst to determine the individual effects of changes in
design or other underlying assumptions. The input-output
approach simply assigns an energy-to-dollar ratio for every
sector of the economy, such as roadway construction (we
have modified these original factors to some extent to
allow further differentiation of highway projects). Input-
output is useful because it is quick and easy and because
preliminary cost data are often the only information
available at the time of EIR preparation.

€3 Process Analysis Approach

The energy necessary to construct a project can be broken
down in the following manner: wmaterials energy (the energy
necessary to produce asphalt, portland cement, aggregate,
etc.) operations energy (for mixing, placing, compacting,
etc.) and transportation energy (taking materials to and
from the job site). By summing the energy for the specific
mix désigns, construction methods and transport distances
used on the. job, the total construction energy can be
determined.

C-12



The energy equ%@éient of the basic construction materials
are given in Appendix G. Table C:15 shows the direct ener-
gy used to operate various types of construction equipment.
Table C:16 gives estimates of the 'energy to complete
various construction operations. The transportation energy
for construction materials is calculated from Table C:17.
Estimates of the total energy to produce various construc-
tion jtems in-place are given in Tables C:18 and C:19. The
values in these tables assume certain mix designs and
construction techniques and do not include the transporta-
tion energy, which can be quite variable. An example of
the process analysis method of construction energy analysis
is given in Appendix D.

ca Input-Outpdt Approach

The input-output is considerably faster and less accurate
than the proceés analysis approach. It involves simply
reducing the cost estimates for each type of facility in a
construction prject down to their 1977 Tevel by multiply-
ing them by the Highway Construction Price Index in Table
C:21. These 1977 dollar costs are then multiplied by the
appropriate Btu/$ ratio from Table C:20 to obtain the
construction eﬁergy.
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TABLE C: 4

URBAN FUEL CONSUMETION
iﬁiﬁiﬁi&iﬁiEiFiﬁi&iﬁi&i&ifi&iﬁi@iﬁiﬁiﬁ4&95*&iﬁi&iﬁi6iﬁiﬁiiifififﬁﬁibiﬁifi&if

L TIF8 T FREP T W LA T 8L
B i e <M < S Sl e I 3 B~ M- B0l o e <R T
{REFERENCES 11,12,13,14,15)

Coe e, FER = FUEL CONSUKPTION RATE (GALI2000 A1)
FCR = (& + 0/ UINI000 RHERE: B = 0.278 « 1073 + 8,445 , 10-¢ x VEH. T,
. €= -2.618 5 1077 ¢+ 2,168 « 10+ = UEH. WT.
U = GELOCITY, WK
ON RDAD ~FUEL CONSUMPTION RATE AT STATED VELOCITIES=m-mmmmeemmmenee
BASE INERTIAL
YERR VEH, HT. (LB} - 6] ‘10 13 20 25 30 35 40 43 30
e L HEEEHE fHbbbEE BEREEEE PRRRRRE BREERRE SRR BREERRE $ERERE BREEREE FEbEEEE

f980 3938 | 160.4 1014 81,8 720 461 422 504 SL3 .6 543

fF LT TS RS
Wb B M I3 B B R

{REFERENCE 18)

FER = 1000 7 (0,48 + 1.12 x SOR (V) ) WRERE:  FLR = FUEL CONSUEP. RATE (EAL/1000 XI)
= YELOCITY, HPY

VEH, #T. FUEL CONSUMPTION RATE AT STATED VELOCITIES
BASE \ -
YEAR ' LB § 10 15 2% 5 30 35 40 15 50
+++¢ © thbb bbbt . ittt bhbtedd bEebdbd bbb FrEEfid theritt FEEbFE FREEEEE FEEERE (22211 1]
1980 8.5-19.8 3350 248.6 WLs 182.2  164.5 151,2 140.7 32,2 129.1  119.1
Ff £ 8 % RPN R
bk o o D B A A TN
{REFERENCE 18)
FER'= (2.1 U # 0.140K1000  RHERE:  FCR = FUEL CONSUNP. RATE (BAL/1000 i
¥ = UELOCITY, MPH
VEH. WT. FUEL CONSUMPTION RATE AT STATED VELOCITIES
BASE . ‘
YEAR LB 510 15 20 25 30 35 40 45 50
+4+4++ ++++ttid trédtd FEEEt bt FHEEERE d4b b PhbRbe bttty Fhbbbdd PEEEEEE FEEbbdd $RELEEE
1980 » 19,5K 360.0 350.0 280,0 245.0 224.0 210.0 200.0 1925 186.7 182.0
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TABLE CiSoi

"

FROJECTED FUTURE YE&aR FUEL EFFICIERNCY

LISHT DUTY VEMICLE
" ****************.***********t********

(REFERENCES 7,8, 9)

CALENDAR - FUEL COR. . ON ROAD NEW MODEL PERCENT

YEAR FACTOR - FLEET MPB FLEET MPG DIESEL

L bttt oo e oot e bt
1980 . 1 14,24 18. 46 s
1581 . G4 14.83. 20.77 .9
1982 .92 15.48 , 22.05 1.1
1983 LE74 1&.3 2%.08 1.8
1984 L .B25 17.26 24,29 2.6

1985 779 18.27 25.49 F.b -
1986 733 19.42 26.67 4,8
1987 .a%1 20. 62 C 27.78 5.9
1988 . 655 21.74 28.99 6.9
1989 " &24 22,893 F0.12 £
1990 . 592 24.04 31.03 B.9
1991 562 25.35 z2. 1 2.9
1992 537 26.5 3.1 10.8
1993 .518 27.5 4. 02 11.5
1954 . 497  28.e5 34,75 12.3
1995 . 481 29, 5% 5. 08 12.7
19964 ’ L AbG 30,55 35.05 13,1
1997 T 454 1.4 35.03 13.7
1oea . 445 32 ' 35 : 14

. 1999 ' . 476 ER. 65 4,98 14.3%
2000 _ A3 I3.04 ' I4.95 14. 4
. 2001 _ . 424 ' I3.56 4. 92 14.8
ROOE Sl . II.78 34.9 14.8
2O0OE L41% 4. 01 34.87 14.9
2004 L4814 4. 25 34,85 14.%
RO L4115 34,35 I4.82 14.%



TABLE D152

FROJECTED FLUTURE YEaR FUEL EFFICIENCY

MEDIUM TRIUCK
B A 3 I 6 B 3 A A 36 e e e 3 36 63 9 M- -

(REFERENCES 7,8,%)

CALENDAR FUEL COR. ON ROAD NEW MODEL = PERCENT
YEAR .. _FACTOR FLEET MPG FLEET MPE  DIESEL

+4ttebbb b R bbbt oot bbb+ bt

E 1980 o 1 8.22 2.87 .3
1981 ; ‘ole7 8. 47 10, 44 3
: 1982 93 8.77 10.87 .G

1983 f S0l 9.1% 11,2 2.4
.i984 . 864 | F.51 11.62 4.5
1585 EER-CR 9.91 . 12.01 7
1986 L .797 10,31 12.37 7.3
1987 .768 10.7 12,63 11.9
1988 : . .744 11.05 12.96 C14.4
1989 CL7zA 11.36 13,2 17
1990 709 11,4 13.35 19.7
1991 69T 11.86 13.47 22,
1992 . 678 12.12 13.55 24
1993 L6688 12,3 13.6 25.7
1994 . &58 2.5 13. 66 7.2
1995 © L a49 12,67 13.7 28.5
1996 L L aai 12.82 13,7 29,8
1597 . 675 12,95 13.76 0.7
i99g . 629 13.07 13.78 3.6
1999 . 624 13,18 13.8 32.4
2000 SEEPY- - 173,21 13,82 33
2001 617 ‘ 13,53 13.85 33.5
2002 © T Le1T 13,42 13.87 T4
2003 el | 13. 46 13.89 24,4
2004 ' L so® 15.51 13.9 34.7
2005 L L &0 13,57 13.91 ot
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. ‘ TARLE CI1S:3

FROJECTED FUTURE YEAR FUEL EFFTCIERCY

-

HEAWY TRLUICE
a2 S 2 ST A

(REFERENCES 7,8,9)

CALENDAR - . FUEL COR. ON ROAD NEW MODEL PERCENT
YEAR FACTOR FLEET MPB FLEET MPO DIESEL
R s o 2 P et i e o oo e ure oo bbbt
i?ee | S 5.17 5.67 78.4
1981 . 987 5. 24 5. 84 ép.z
1982 T .974 5. 31 - 5.97° 816
1983 S 1.7 5. 41 &.15 87.3
1984 L9385 5.53 6.28 85.2
1985 ST . 5. 64 6. 49 87.1
1986 . 887 5.83 b. b5 -88.46
1987 . 85T 5. 99 6.8 50
1988 ‘ 841 6.15 5.85 F1.7
1989 | . 822 .29 7.09 2.6
1990 | . 809 T 5.79 7.19 93. 4
1991 .77 &n 49 7.25 Q4.4
199 .78% &ud 7.31 P4, ¢
1993 ' ZTT2 &.7 7.37 P54
1994 759 6. 81 . 7.4 95, 8
1995 . LTAT £.92 7.42 Pé. 1
1996 . .739 7 7.84;  96.5
1997 . .733 7.05 7.486 o &
1958 ' L 7EE 7,13 7.48 6. 8
1999 V719 7.19 7.51 %7
) 2000 ' 715 . 7.23 7.5 97.1
7 2001 .71 7.27 7.55 97. 4
) 2002 ‘ L T0& 7.3% 7.57 7.5
20035 A LTI 7o 7.58 ?7.6
2004 L TO1 7.37 7 .59 97.7
2008 . . 498 7.414 7.6 7.7



Relative Fuel Consumption Rate

lo ' REE N P [RNE WU MUV UL JHN NN NN TR TR TUN NN TR SO ST S ST SN VO M

e 5 10 15 20 25

" Distance Traveled, Miles
Ref. 30 '

Fig. C:1 COLD START FUEL CONSUMPTION—AUTO

TABLE C:6

COLD START FUEL CONSUMPTION-AUTO

: : Cold/Warm Start Ratio
Trip Distance

lnile). 0°C 10°cC 20°C
1 1.84 1.76 1.67
2 . 1.62 1.54 1.45
3 - 1.47 1.40 1.35
4" 1.37 1.32 1.28
5 1,31 1.28 1.23
10 . 1.20. 1.18 1.15
15 - 1.16 1.13 1.11
20 - 1.11 1.08 1.06
25 - ~1.06 1.04 1.02
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IDLE FUEL CONSUMPTION RATE, GALII'IH.

1.2 -
Transmission In *Neutral®
For Transmission In “Drive" Add 10%
1.0 For Diesel Subtract 30%
B
Y
..4 -
2 1 L 1 1
@ 100 200 300 400 500

ENGINE DISJPLACEMENT. CU. IN.
Ref. 28, 29, 12,21, 30

fig. C:2 IDLE FUEL CONSUMPTION VS GASOLINE ENGINE
' DISPLACEMENT
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TABLE C:7
MISCELLANEOUS DIRECT ENERGY FACTORS-AUTO

Acceleration Rate

Fuel consumption increases 10.4% when acceleration rate increases from
1.0 mph/sec to 4.0 mph/sec (Ref. 35}.

Driver Characteristics

Change in Fuel Change in
- Driving Technique . Consumption Speed Ref.
Minimize Stops . ~16.1% +3.39 20
Drive Very Cautiously’ -7.4% -7.2 20
Reduce Accels and Decels -6.8% -4.2 20
Minimize Trip Time +9.0% +15.7 20
Use Vigorous Acceleration +14,0% +11.9 20
Drive Economically -23% -15% 19
Add Passenger - +2 to 6% 19

“Older male drivers use Jess fuel than younger men, the opposite is true for
women" (Ref., 19),

A1l Values are % Change in Fuel Consumption

Accessories

20 mph 30 mph 40 mph 50 mph 60 mph 70 mph 80 mph Ref.
Power Steering - 2.4 2.1 2.0 2.0 2.0 2.2 36
Air Conditioning 14.4 10.7 7.5 5.5 5.3 5.3 4.5 16
Windows Open -2.6 1.8 1.9 1.8 1.0 2.1 2.2 16

City Driving Highway Driving Combined Ref.

Air Conditioning, 80°F 6.5 4.1 5.6 16
Air Conditioning, 90°F 8.9 10.2 9.4 16

Air Conditioning, 110°F 13.9 17.6 15.3 16

€c-29



TABLE C:7 (Continued)

MISCELLANEOUS DIRECT ENERGY FACTORS-AUTO

Engine

One Spark Plug Misfiring
Air/Fuel Ratio too Rich
Ignition Timing Retarded 8°
Idle Air/Fuel Rich

Plugged PCV

Choke Rich

Idle RPM High

Distributor Vacuum Low

Idle Air/Fuel Lean

Ignition Timing Advanced 5°
Air Pump Disabled

Choke Heater Disconnected
Idle RPM Low

Put in New Plugs
Tuneup

Elevation

<500 ft
500-1000 ft
1000-2000 ft
2000-5000 ft

>5000 ft

% Change in
Fuel Consumption
City Highway
13 15
11 12
6 4
1 -1
4 3
2 1
4 2
1 1
<.b <.5
-2 -1
-1 -1
<.5 -2
-3 <.5
-2.5 to -5
-9 to -15
City Highway
+0.4% -0.1%
3.0 0.0
-0.4 +0.1
-1.6 +0.5
0

-3.1 +1.

A11 Values are % Change in Fuel Consumption

Pavement Surface

Unsurfaced

Gravel

Low Load Asphalt
PCC, High Load AC

Dry Wet Snowy
20 30 35
15 18 20

4 5 10

0 3 7

£-30
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Ref.
16
16
16
16



" TABLE C:7 (Continued)
MISCELLANEOUS DIRECT ENERGY FACTORS-AUTO

A1l Values are % Change in Fuel Consumption

~ Temperature

Small Car Large Car Ref.
<10°F - +44 .5 +17.1 16
10-20 33.0 13.4 16
20-30 - 26.3 11.4 16
30-40 20.2 8.7 16
40-~50 14.7 6.5 16
50-60 9.6 4.4 15
60-70 5.0 2.4 16
70-80 - .8 ;! 16
80-90 : -3.1 -1.5 16
90-100 -6.7 -3.3 16
>100 ‘ -10.7 -5.5 16
Tires
Increase Increase Both 1 Inch
One Letter One Inch and 1 Letter Ref.
Bias Ply -0.8 -1.1 -1.9 38
Radials -0.8 -1.1 - =-1,9 38
Bias to Radials -4.3 -4.5 -5.3 38
Bias to Radials Switch Only: -3.5 38
Bias to Radials Switch Only: -2.0 to 2.5 39
Inflation Pressure: -0.55% per psi 16
Transmission
Switch from Automatic to Manual -4,5 to -7.3 16
Switch from Automatic to Manual -14.0 to -15.5 39
Wind - : '
Wind Speed City Driving Highway Driving
{mph) Small Car Large Car Small Car Large Car Ref.
<3 0.0 0.0 0.0 0.0 16
4-7 0.4 0.3 1.9 1.5 16
8-12 1.4 1.1 6.2 4.8 16
13-18 2.1 1.6 9.7 7.5 16
19-24 2.9 2.2 13.0 9.0 16
>25 3.8 2.9 17.2 13.2 16
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TABLE C:11

- AVERAGE FUEL CONSUMPTION BY BUS TYPE

Gallons/1000 Miles

Average
Type Capacity Non-Air Conditioned Air Conditioned
o CBD*  ART*  COM* CBD ART COM
ADB 47 284,09 246,31 181.82 334.45 284.09 190.84
New Look 51 257.73 241,55 183.15 333.33 299.40 207.04

Articulated 66 355.87 309.60 218.34 434.78 361.01 248.76

ADB ~ a7 301.20 265.25 192,31  350.88 305.81 202.02
New Look 51 276.24 266.67 190.11  353.36 331.13 215.05

Articulated 66 369.00 328.95 228.31 450.45 383.14 260.42

ADB gy 322.58 292.40 243.90 371.75 336.70 218.82
New Look 51 304.88 308.64 199.60  381.68 373.13 225.23

Articulated 66 401,61 378.79 257,07 487.80 440,53 293.26

*CBD: Central Businéss Dfstriét; ART: Arterial; COM: Commuter
See Discussion, Paﬁé C-65 4
CBD Correction Factor (A.C.) = 3.81 x ¢(-0.1915xn)
CBD Correction Factor'(no A.C.) = 3.38 x e(-0.1738xn)
where n = stops per-mile

e = natural Togarithm

{Ref. 22)
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P TABLE C:13

INDIRECT VEHICLE.ENERGY—BUS

w.!

Manufacturing Energy = 1040.5 x 10° Btu/300,000 mi = 3468 Btu/mi

Maintenance Energy ('inc]u&les everthing but manufacturing) = 13,142 Btu/mi (Ref. 44)
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TABLE C:14

ROADWAY MAINTENANCE ENERGY

Annual Energy Consumption

Btu per Lane-Mile

Pavement Type Urban Rural
Portland cement concrete 1.634x108 6.61x107
Asphalt concrete 1.776x108 8.03x107

Ref. 24 and authors
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CTABLE C:15

EQUIPMENT OPERATING ENERGY

Equipment Types ” Gal/hr Btu/hr  Ref.

1. Asphalt concrete grinder, Rotomill
PR250, rated production 22 cu yd/hr
53,000 Btu/cu yd 8 1,180,800 29

2. Asphalt concrete grinder, Rotomill
PR750, rated production 55 cu yd/hr

34,000 Btu/cu yd 12.6 1,860,000 29
3. Asphalt concrete paver N . 4.50 664,200 2
4, Asphalt concrete paver, 4 cu yd 3.2 472,320 29
5. Asphalt distribufor;tank truck

2.7 mi/gal - 53,220 Btu/mi - - 29

6. Backhoe, Trencher, aésoline |
1.35 gal/cu yd - 194,000 Btu/cu yd - - 29
7. Broom, mechanical _ 1.0 143,700 30
8. Compactor/tractors,:Cat 815, sheepsfoot 9.1 1,343,160 43
' 9. Crushing/screening b]aht 5.0 738,000 30
© 10. Dozer, track type . 3.0 442,800 30
-7 11, Dozer, Caterpillar D-5 4.2 619,920 43
© 12. Dozer, Caterpiliar D-8 | | 8.2 1,210,320 29
13. Excavator, Caterpillar 235 8.0 1,180,800 43
14. Grader, 23,000 1b D{ese1 | 0.05 7,380 30
15. Grader, Caterpillar 12F | 2.9 428,040 29
- 16. Grader, CaterpiT1ar212G 4.6 678,960 43
17, Loader, gas, 200. ton/hr | 7.0 1,006,000 2
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TABLE C:15 (Continued)

EQUIPMENT OPERATING ENERGY

Equipment Types -~ = - Gal/hr  Btu/hr Ref.

18. Loader, gasoline, front end,

1.5 cu yd capacity 0.04 5,800 30
19. Loader, diesel, front end,

2 cu yd capacity 0.05 7,380 30
20. Loader, wheel type, diesel, front '

end, 8 cu yd capacity 5.6 826,560 29
21. Loader, wheel type, Caterpillar 988, '

8 cu yd capacity . 13.2 1,948,320 43
22. Mower, landscaping 0.4 57,480 30
23. Mower, R/W : 1.0 143,700 30
24. Rollers 0.8 118,080 30
25, Rollers 4.5 664,200 2
26. Roller, Tandem, Model Hyster C-350 2.0 295,200 29
27. Roller, vibratory, 19 tons, Dynapack CC-50 6.0 885,600 29
28. Scraper, Caterpillar 631D,

21 cu yd capacity 15.8 2,332,080 43
29, Spreader, self propelled 2.4 354,240 30
30. Striping maéhine, self-contained, gas 1.0 143,700 30
31. Striping machine, hand, gas - 0.5 71,850 30
32. Tractor, farm type, st 3.0 431,000 30

33. Water truck, 4 mi/gal, 36,900 Btu/mi - - 29
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" TABLE C:16

CONSTRUCTION OPERATION ENERGY

- Asphaltic Concrete-
Plant Operations

Asphalt Storage

Cold Feed

Dryer & Exhaust i

Pugmill Mixing Plant

Oryer Drum Mixing Plant

Mobile Plant Setup. & Removal
Peripheral Plant Operation

Dry & Heat Aggregate

Remove 1% moisture from aggregate
Raise Aggregate 1°F

Road Operations

Traveling Plant (windrow) Mixing
Blade Mixing

Spread & Compact (hot mix)
Rolling (cold mix).
Placement '

“Earthwork

Excavation, earth
Excavation, rock
Excavation, other
Borrow

Loose Riprap
Granular Backfill

C-43

9,200 Btu/ton

5,440 Btu/ton

5,480 Btu/ton

4,510 Btu/ton

740 Btu/ton

14,060 Btu/ton

63,980 Btu/ton
221,000-347,000 Btu/ton
29,900 Btu/ton

480 Btu/ton

3,170 Btu/ton
35 Btu/sq yd pass
420 Btu/sq yd in
17,700 Btu/ton
130 Btu/sq yd
40,700 Btu/ton

64,300 Btu/cu yd
83,400 Btu/cu yd
75,000 Btu/cu yd
40,000 Btu/cu yd
83,400 Btu/cu yd
170,000 Btu/cu yd



TABLE C:16 {Continued)

CONSTRUCTION OPERATION ENERGY

Portland Cement Concrete

Plant Operations
Loader
Conveyor
Mixing & Other Plant Operations
Production (total)

Road Operations
‘Placing, Consolidating, Finishing
Placement

Miscellaneous

Aggregate Spreader
Aggregate Stabilization {(mixing)

Asphalt Distributor

Asphalt Cement
Asphalt Emulsion

Centrally Prepared Stabilized Mixes
Concrete Barrier Construction

Guardrai1‘Construction

4,720 Btu/ton

300 Btu/ton

1,920 Btu/ton
62,900 Btu/cu yd

2,800 Btu/ton
65,500 Btu/cu yd

10 Btu/sq yd
10,000 Btu/sq yd

i}

600 Btu/gal
160 Btu/gal

7,900 Btu/ton
43,900 Btu/1f
33,000 Btu/1f

C-44

Ref.

32

PO

32
32



“TABLE C:17

TRANSPORT ENERGY

Btu/Ton-Mile Btu/Ton-Mile
Gas Truck Diesel Truck " Ref.
Trucks, fully loaded one-
direction return empty
2 axle, 6 tire 12,670 2
3 axle, ) 4,900 4,040 2
3 axle, comb. - 8,450 : 6,200 2
4 axle, comb. : 5,770 3,470 2
5 axle, comb, , 3,335 2,095 2
5 axle, comb. “ mountain terrain 2,140 29
Various vehicles ) mpg Btu/mi Ref.
“Automobile o 17.3 8,300 30
Station wagon ; 16.11 8,920 30
Pickup ' 10.9 13,180 30
Maintenance truck - 1 ton 8.0 13,450 30
Maintenance truck - Gas 4.7 30,570 30
Maintenance truck - Diesel 5.2 28,400 30
Maintenance truck - 2 axle 5.0 29,520 30
Truck tractor : 4.6 32,000 30
- gas - 4,0 36,900 30

Distributor truck
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TABLE C:18

ENERGY FOR
ROADWAY CONSTRUCTION ITEMS, IN PLACE*

Ref.
Asphalt Concrete (5%) 145 1b/cf 1,942,000 Btu/ton Authors
Asphalt Concrete (6%) 145 1b/cf 2,256,000 Btu/ton Authors
Base, aggregate, uncrushed 133 1b/cf 37,000 Btu/ton 32
Base, aggregate, crushed 148 1b/cf 95,000 Btu/ton 32
Base, asphaltic concrete (5%) 145 1b/cf 1,942,000 Btu/ton Authors, 46
Base, asphaltic concrete (3%) 135 1b/cf 1,290,000 Btu/ton Authors, 46
Base, cement treated (5%) 371,000 Btu/ton Authors, 46
Base, lean concrete (4 sack) 1,380,000 Btu/ton Authors, 46
Base, lime treated (4%) 397,000 Btu/ton Authors, 46
Portland Cement Concrete:
4 sack 1,446,000 Btu/ton Authors, 46
5 sack 1,768,000 Btu/ton Authors, 46
6 sack 1,928,000 Btu/ton Authors, 46
7 sack 2,409,000 Btu/ton Authors, 46
Pavement: 32
PCC 9 in. 484,000 Btu/sq yd Authors
32
PCC 10 in. 537,000 Btu/sq yd Authors

*Note: This does not include the energy necessary to transport the materials
from the point of manufacture to the work site. This should be added using
the factors in Table C:17.
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TABLE C:19

ENERGY FOR
STRUCTURAL CONSTRUCTION ITEMS
(Does not include placement)

- , Ref.
Bridge Railing
Railing - 8.4x10% gtu/1f Authors
Piles 7.
Class 1 - © 12.89x10° Btu/1f Authors
Class 2 | 11.54x102 Btu/1f Authors
16 inch cast in-plac 2.61x102 Btu/1f Authors
Class 45 -‘ 1.68x10° Btu/1f Authors

Class 70 1.68x10° Btu/1f Authors

|4 PRESTRESS CONC.: NA
| STEEL TRUSS  : NA..

- - CONC, DECK
STEEL GIRDER

REINF CONC.
BOX GIRDER
] 1

BTUx 103 PER F12 OF DECK
o
[ |

» oy -+ 1

60 80 100 . 120 140
SPAN BETWEEN SUPPORTS,FT.

Fig. C:3 Energy of bridge superstructure materials

(Add 30% for placement energy).
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Fig. C:6 Energy consumed for retaining walls in-place.

TABLE C:20

CONSTRUCTION ENERGY FACTORS - BTU/1977%
(INPUT-OUTPUT METHOD)

‘Type of Facility

Rural Freeway ,

Rural Conventional Highway
Rural Freeway Widen

“Rural Conventional H1ghway Widen
Urban Freeway

Urban Conventional nghway
~Urban Freeway Widen

-Urban Conventional Highway Widen
Inkerchange

Blanket

Bridge Steel Girder

Bridge Concrete Box Girder

- Landscape Planting

~ Lighting Signals

Project Energy

C-4¢9

Factor
Btu/$

6.92x104
6.60x10%

4,32x10%

4.65x104
2.75x10%
2. 51x104
2.46x10%

2.33x10%
7. 01x104
3.46x10%

3.00x10%
2.81x10%
1.23x104
1.18x104

References

31,47
31,47
31,47
31,47
31,47
31,47
31,47
31,47
31,46,47
31,47
31,46,47
31,46,47
31,47
31,47



TABLE C:21

HIGHWAY CONSTRUCTION PRICE INDEX

?ear Factor
1973 0.56
1974 0.83
1975 0.99
1976 0.86
1977 1.00

- 1978 1.14
1979 1.46
1980 1,54
1981 1.76
1982 1.55
1983 1.59

(Ref. 48)
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C6 COMMENTARY

General Comments

Many of the values for the energy factors reported in this
section have previously not appeared in the published
Titerature. They represent an extensive research effort to
update as many factors as possible to post-1980 conditions.
Due to the numerous gaps and inconsistencies in the trans-
portation energy literature, oftentimes divergent data
bases, analysis methodologies and assessment techniques
have been to be combined to produce the values reported
herein. Complete documentation of all the calculation pro-
cedures used here would expand the volume of this document
many fold. In this commentary, an attempt has been made to
present the various basis of the methods used to derive the
energy factors and, if necessary, notes regarding their
Timitations. Complete documentation is available upon
request for most of these factors. The authors would
appreciate comments or criticism sent to the Transportation
Laboratory in Sacramento.

It should be noted that a large percentage of the energy
factors presented in this report and other references
originated from a relatively small number of basic research
papers. In the past, the vast majority of information
available on construction energy originated from some
assumpt1ons made by one private 1nst1tut10n(2) Virtually
all of direct energy factors used by various researchers in
the Tast 10 years were derived originally from one paper
{Claffy, Paul J., "Running Costs of Motor Vehicles as
Affected by Road Desigq_and Traffic," NCHRP Report III ~
[1971]. In this current report, an attempt has been made
to trace all energy factors back to their original source,
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1f,po$sib1e, sSithat the concerned reader can determine
their applicability toward any specific situation.

Tables C:1:1 to C:1:3
Fuel Consumption for Speed and Grade

Speed and'grédé fuel consumption tables were obtained from
Reference -3 for compact; midsize, and large passenger Vve-
hicles as well as pickup, 2 axle single unit, 3 axle single
unit, 4 axle semi and 5 axle semi trucks. Similar tables
~ were derived for mini and subcompacts using data from
Reference 4. The mini, subcompact, compact, midsize, large
and pickup ciasses were normalized to 1980 conditions by
dividing the fuel consumption tables by the test vehicle's
model EPA gallons per mile {GPM) and multiplying by the
respective 1980 vehicle class GPM. These normalized tables
were combined into the composite 1980 LDV using sale
weighted market shares from Reference 5. The composite
1980 fleet was transiated to the 1980 on-the-road fleet
ysing information from Reference 7.

The 3 axle, 4 axle and 5 axle trucks were combined into the
heavy truck classification using truck body type distribu-
tions from Reference 6. The 2 axle single unit data were
used as is.

Tables C:2:1 to C:2:3
Excess Fug] Consumption for Speed Change Cycles

These tables are based on an acceleration/deceleration fuel
consumption model developed in Reference 3. Although some
problems were.discovered with some of the numerical
algorithms used in this reference, these problems were
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corrected after discussions with the authors. This
algorithm is based on empirically derived fuel consumption
rates of a nonlinear acceleration model (the acceleration
‘rate is contingent on the instantaneous speed} and a step-
wise linear deceleration model (there are two consistent
deceleration rates, depending on the speed.) It is doubt-
ful that the numeric values used in this model would be
precisely accurate for different acceleration/deceleration
rates.

The method of combining disaggregate fuel consumption rates
by EPA vehicle classification into the three vehicle types
used js similar to that used by speed and grade tables
above.

Tables €:3:1 to C:3:3
Excess Fuel Consumption on Horijzontal Curves

Reference 3 devised a method of determining the energy dis-
sipated due to tire slip on horizontal curves. Caltrans
has created a computer algorithm to reproduce this method.
The values output by this method are contingent on a number
of input parameters.' Below is a list of curve supereleva-
tions used to generate these tables. These are consistent
with the superelevations used in the California Highway
Design Manual.
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Deérée of Curve Rgaius(ft)‘ Superelevation{ft/ft)

1 5730 .02
2 | " 2865 .04
3 1910 .06
4 1432 .08
5 1146 .09
6 955 .10
7. 819 11
8 716 .11
9 . . 637 11
10 * 573 .12
12 . 477 .12
14 - | 409 12
16 i 358 .12
18 . 318 12
20 : 286 - .12
25 i 229 .12
30 g _ 191 .12

The method uséﬁ to combine the fuel consumption rates out-
put by this algorithm into the three vehicle classes is
similar to that described above.

 Table C:4
‘Urban Fuel Consumption

Numerous reports(11,12) have shown a linear relationship
between fuel consumption and the time it takes to drive a
given distance in urban conditions. Caltrans used this
work, a]onﬁ wﬁth papers by Fred Wagner(13,14), to derive
the coefficients used in this linear relationship as a
function of weight for LDVs. The average weights of the
new vehicle fleet for past years were obtained from
References 14 and 15. These vehicle weights were used to
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calculate VMT averaged on-the-road vehicle weight for 1980
using VMT vs age data from Reference 17, The weight shown
is an "inertial" weight which include an average 300 1b
]oad for passengers and baggage.

The urban fue] consumption tables for medium and heavy
trucks were taken directly from Reference 18.

It should be noted that the data base from which these fuel
rates were derived specifically state that they are appli-
cable 1) for speeds only under 40 mph and 2) for urban city
(non-highway) conditions. WNo statistically validated data
base has been developed for congestion at highway speed.
Preliminary investigations from Caltrans District personnel
seem to substantiate use of these factors for freeway
conditions.

Tables €:5:1 to C:5:3
Projected Future Year Fuel Consumption Rates

A1l of the factors used in these tables were taken directly
from Reference 7 for federal vehicles and References 8 and
9 for California vehicles. Both of these references are
outputs of highly disaggregate computer models that take
into account such things as: the technological feasibility
of future development of more fuel efficient models in each
vehicle classification, the social acceptability and
probab]e purchases of each vehicle type, the probable sur-
vival rate-by vehicle type, the vehicles declining VMT with
age, the correlations between the vehicles EPA mileage and
the on-the-road mileage, etc. Both models output the total
- YMT and fuel usage by class for most of the year from which
these tables were derived. '

C-62



>

‘It should be no%éd“that’éhe Géhicle classifications are
defined somewhat differently for the California and federal
vehicles. The ‘California Energy Commission, who developed
References 8 and 9, define medium trucks as vehicles
between 10,000 and 19,500 1b instead of the 8,500 to

19,500 1b classification used for the federal medium
trucks. Reférenée 10 indicates that the majority of
vehicles in the 8,500-10,000 1b range are 6 tired, 2 axle
trucks which is the criteria used for medium trucks in the
visual ADT counts from which the roadway vehicle mixes are
usually determihed. This is why they have been included in
the medium truck classification for federal vehicles. The
California Eneﬁgy Commission puts the 8,500-10,000 1b truck
in the same trd@k class as pickups. Here, pickups have
been included in the 1ight duty vehicle class because they
are often used inte%changeably with passenger vehicles in
function., These differences may help explain some of the
apparent abnorma]ities in the California medium truck data.

The fuel correclion factors for each year in these tables
is simply the on-road.fleet MPG for that year divided by
the on-road fleet MPG for 1980.

-~ Table C:7 L
Miscellaneous Direct Ehefgy Factors-Auto

General Commeﬁt;: There are a number of conditions affect-
ing fuel ébonomy which usually are not specifically
accounted for fﬁ.large generalized data bases such as the
ones used to geherate'most of the factors in this appendix.
These factqrs mﬁy affect only a few individual vehicles in
specific situatﬁons. They are. presented here for the sake
of completeness. For the most part, these factors
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represent a few isolated studies on specific vehicles. No
attempt has been made to statistically validate them to the
entire vehicle fleet.

Acceleration - Vehicles exhibited a wide degree of varia-
tion in their fuel consumption rate with
acceleration.

Driver Characteristics - Reference 19 is based on British
data, Reference 20 is based only on urban data.

Pavement Surface - Recent research has shown that thére is

virtually no change in direct fuel consumption with
the pavement surface conditions normally experienced
by roadway traffic. MWisconsin DOT showed a 3% change
in fuel economy between a serviceability index of 0.9
and 4.4(21). Other researchers have concluded that
even this small an effect cannot be validated(3).

Tables C:8 to C:11
Direct Energy~Buses

The bus fuel efficiencies shown in these tables are based
on a computer program written for the National Cooperative
Transit Research & Development Program. Théy represent the
fuel efficiencies of the most Tikely engine, transmission
and rear axle ratio combinations for each bus model. For
applibations where the bus characteristics are known more
specifically, Reference 22 should be consulted directly.

The CBD correction factors for other. than seven stéps per

mile were derived from Reference 18 which used a computer
program similar to the above.
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Tables C:12:1 to C:12:4°
Indirect Vehicle Energy

General Notes - The indirect vehicle energy in these tabTes

is shown to vary only with pavement surface roughness.
Reference 3 contains a disaggregate data base to
detefmine%the indirect energy due to 0il consumption,
tire wear, maintenance and repair, and depreciation as
a function of speed, grade, curvature, and accel/decel
cycles foFAaTI three‘major vehicle classifications.
However, due to numerical problems in the algorithms
used to generate this data base, this information was
not used.

0il Consumption Energy - Base 0il consumption rates (which
include oil changes) were obtained from Reference 3
with a vehicle mix derived from References 5 and 6.

Tire Wear Enekgy - The énergy to produce tires is from
Appendix G.

Maintenance and Repair Energy - The cost per mile in 1980
,dollars was derived from Reference 3. The inflation
factors used to deflate the costs to 1977 dollars are
from Table C:21. The energy to dollars ratio for
vehicle repair is from Reference 24,

Manufacturing Energy - In order to reduce the number of
hand calculations, a computer program was developed to

deterﬁine_the manufdcturing energy of vehicles and

other items. This program is based on the factors in
Appendix G and the methodology of Reference 25. The
progrém sums the energy of the various materials and
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fabrication process used in the vehicles manufacture.
It also determines the quantity of this energy which
is e]ectrica]]y based and the quantity which is
premium fuel {gas and o0il) based, although these
numbers are not used at this time.

Tables €:22 and C:23 show example outputs of this
program. Table C:22 gives the manufacturing energy
breakdown for a composite 1980 vehicle, while Table
C:23 shows the manufacturing energy for a projected
year 2005 vehicle. Vehicle weights are from

Table C:4, while the percentage material breakdowns
are based on References 26, 27 and 28. As can be
seen, even though light duty vehicles will become
lighter in future years, they will be utilizing more
energy intensive materijals, so the overall manufactur-
ing energy will remain virtually constant.

A similar analysis was done for most other major
vehicle types.

Roadway Surface Adjustment Factors - These were taken
directly from Reference 3.

Table C:14
Roadway Maintenance Energy

The energy equivalent of all the materials and resources
used for ﬁéintenance of the California Highway System in
1980 was determined by using a combination of the .input/
output and processféna]ysis approach. The pavement manage-
ment accohnting system allowed this energy consumption to
be broken down by pavement type (PCC/AC) and a further
distinction was made for urban/rural, with the majority of

C-66



"TABLE C:22

COMFOSITE YEAR 1980 LIGHT DUTY AUTO MANUFACTURING ENERGY
ALL ENERGY QUANITIES ARE IN UNITS OF MILLONS OF RTU‘S

_.-.-q.-———_——_—mm_——__——_-——————........-—---—..————._————-u.......--.-———————....-.—-——_

MANUFACTURING FROCESS

MAT! STEEL

FAE
FAR
FAR
FAR
FAR
Fag
FAR
FAR
FAD

S 24 ¥4 H¢ S 25 e P+

STEEL
STEEL
STEEL
STEEL
STEEL
STEEL
STEEL
STEEL
STEEL

MAT! HSLAS
MAT! FPIG IRON
IRON CAST
MAT? ALUMINUM

FAB !

Fap @
Far ¢

MAT: COFFER

FAR @

MAT? LEAD

FAB ¢

MAT: ZINK

FAB ¢

MAT: GLASS
MAT: RUBBER
INJ MOLD

MAT: HD POLYETHYLENE

FaR 2

FAR ¢

MAT! FRP -

FAB @

MAT: HRP

" FAR 3

FaB 3

CAREBON
COLD ROLL
FRESS FORM
ELEPLATE
STAMP ~
EXTRUS -
DRAW
IND HARD
QT -
FORG

ALUM CAST
ALUM EXTRUS

COFFER DRAUW
LEAD ROLLING

ZINK FORG

INJ MOLI _
FRF FORMATION.

HRF FORMATION
" MAT: POLYSTYRENE T

INJ MOLD.

STEF = TONS

NLIM

1 1.136
2 - 0.404
3 0.024
4 0.127
S 0.441
6 0,010
7 0.024
8 0.123
? 0.356
10 0.019
11 0.086
2 0.262
13 0.2462
14 0.042
15 C.025
1s 0.Q37
1z 0.017
ie 0.017
1? 0.016
2 0.014
21 0.010

22 0.010
23 0.058
24 0.081

25 0.081
26 0.091 .
2 ¢.0%1
28 ¢.000
29 0.000
30 0.000
31 Q+QQ0

32 0.115

33 0.115

CUMULATIVE SURTOTAL:

TOTAL FABRICATION ENERGY SO
ENERGY QVERHEAD

FAR 3
ASSEM:

ML S S S T — ) o e D Al it Vo S S e et v S T —— ) v T e

AUTO

TOTAL TONS
1.933748

TOTAL ENERGY
139.835594

1.934

FAR I8 ! 14.001504

34 0,000
35 0.000

FROCESS FREMIUM ELECT
ENERGY ENERGY ENERGY
A5.19 14,78 7.41
3.11 0,94 1.85
0.07 0.02 0.07
.48 0.18 0.41
0.248 0.07 0.246
Q.05 0.02 0.03
0.30 0.09 0.18
0.06 0.02 0.08
Q.96 0.80 0.21
0.30 0.13 0+23
4,98 1.90 0.99
2.77 0.43 0.23
2.93 0.79 0.87
14,43 4,99 11.09
0.27 0.07 0.286
0.4% 0.17 0.44
2.18 1.34 0.85
0.24 Q.09 Q.20
1.10 Q.47 0.43
0.05 0.02 0.04
0.48 0.29 0.27
0.135 0.07 0.12
1.2 0.70 0.18
11.92 11.00 1.22
1,21 0.48 0.73
8.56 797 .78
1.36 0.74 0.81
0.00 0,00 0.00
0,00 0.00 G.00
0.00 0.00 0.00
Q.00 0.Q0Q 0+.QQ
15.20 14.90 1,08
1.72 Q.97 1.03
123.13 64,91 32.34
-4.30 2093 .98
10.4¢ 4,70 2.146
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TABLE C:23

FROJECTED YEAR 2005 LIGHT DUTY AUTO MANUFACTURING ENERGY
ALL ENERGY QUANITIES ARE IN UNITS OF MILLONS OF RTU’S

St S e e Sy G b e —— - — — L A ik i} b b o S T e —

MANUFACTURING FROCESS STEF TONS FROCESS FREMIUM ELECT
NUM ENERGY - ENERGY ENERGY
MAT: STEEL ! CAREON 1 0.233 P25 3.03 1.52
FAR : STEEL COLD ROLL 2 0,124 0,464 0,19 0.38
FAR ! STEEL PRESS FORM, 3 0.005 0.01 0.00 0.01
FAR ! STEEL ELEFLATE 4 0.024 0.10 0.04 0.08
FAR ! STEEL STaMF g 0.0%0 0.085 0.01 Q.05
FAR ! STEEL EXTRUS 4 0,002 0.01 0.00 0.01
FAB ¢ STEEL DRAW 7 0,005 0.06 0.02 Q.04
FAE ! STEEL IND HARD 8 0.025 0.01 0.00 0.01
FAB ¢ STEEL Q@ & T 9 0.073 Q.20 0.16 . 0.04
Fak : STEEL FORG 10 0,004 Q.06 Q.03 0.03
MAT: HSLAS 11 0.257 14,87 S+468 2.94
MAT: FPIG IRON 12 0,061 0.64 0.15 0.03
FAR ¢ IRON CAST 13 0.061 0.48 0.18 0.20
MAT: ALUMINUM 14 0.240 964957 19,29 42.82
FAR : ALUM CAST A5 0.094 1.03 0.29 1.02
FAR ! ALUM EXTRUS- 14 0.144 1.91 0,67 1.71
MAT: COFFER ! 17 0.010 1.29 0.81 0.51
FAER ! COPFER DRAW 18 0.010 0.14 0.064 Q.12
MAT: LEAD 19 0,013 0.4 0.40 ©.37
FABR { LEAD ROLLING 20 0.013 0.08 0.02 0.03
MAT?! ZINK 21 0.007 0,50 0.21 0.20
FAR ! ZINK FORG 22 0.007 Q.12 Q.05 0.09
MAT: GLASS ' 2 ¢.043 0.91 0.33 0.13
MAT?! RUBBER 24 0.063 2.54 8.81 Q.97
FAE ! INJ MOLL s 0.085 0.%97 0.5 0.38
MAT: HD FPOLYETHYLENE 2 T 0,060 T+ bb q.hS 0.52
FAgR § INJ MOLD 2 0,080 0.90 0.51 0.54
MAT: FRF 2 0.004 0.49 0.42 0.05
FAB { FRF FORMATION 29 0.006 0.18 0.10 O.11
MAT: HRF 30 G.008 0.91 0.79 0.07
FAR ! HRF FORMATION 31 0.008 Q.35 0.20 0.21
MAT: FOLYSTYRENE 32 0.108 14.91 13.97 1.01
FAR : INJ MOLD ' 33 0.108 1.461 0.%1 .97 .
LUMULATIVE SUBTUTAL S 1.112 125.38 63,35 S7+43
TOTAL- FABRICATION ENERGY S0 FAR IS ! -9.074904 '
FAR ! ENERGY OQVERHEAD 34 0.000 4.08 1.90 Q.63
ASSEM: AUTO 35 0.000 10.40 5.70 2.1%
TOTAL TONS TOTAL ENERGY TOT PREM ENERGY TOT ELECT ENERGY
1.1115 140.05%9027 71,9478 ’ H0.22139
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b

1aﬁds€ﬁbing‘énd§1ightingmenergy being attributed to the

urban highways.

~Table C:15
Equipment Operating Energy

Informatioh from Reference 2§?was obtained from field
records of .equipment used for an AC recycling project.
Reference 6 is an actual equipment manufacturers handbook.
Energy values from Reference 30 appear to be consistently
lower than the rest. This is probably due to the fact that
'this-information was taken originally from various state
departments of transportation and probably represents the
hourly consumption rates based on the time a piece of
equipment was aésigned to a task or project, and not neces-
sarily the time the equipment was actually used.

Table C:16 :
Construction Operations Energy

‘Information from Reference 2 is almost completely theoreti-
cal assuming 100%'productivity, and may not be applicable
in real world situations. Values from References 29 and 30
apparently are from actual field operations of specific
equipment. References 31 and 32 appear to be based an
'average'fuel consumption values per bid item of actual
consiruction projects. They probably include peripheral
equipment'energ& for pickups, sweepers, cranes, etc.

Table C:17 N
Transport Energy

Most of thése va1ues were taken from a reference that
quotes them originally from the FHWA.
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Table C:18
Energy For Roadway Construction Items, In-Place

Most of these energy values were derived from the preceding
tables, making certain assumptions regarding mix design and
construction,tgchniques. None of these values includes the
énergy necessary to transport the materials to thé Jjob
site. This should be individually calculated for each

job.

Table C:20 _
Construction Energy Factors-Btu/1977% (Input-Qutput Method)

Energy values were based primarily on Reference 31 with
engineering Judgment used to modify the factors to
California conditions.

Table C:21
Highway Construction Price Index

These values are based on the California "Highway Construc-
tion Cost Index"”, formerly the "Price Index for Selected
Highway Construction Items", Reference 47.
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"¢7 Example Problem

A project has been proposed to construct a highway bypass
around a city from Point A to Point E. Currently, east-
bound traffic enters the city at Point A and travels for
two miles on one of the city's major arterials. The posted
speed limit ﬁs"35 mph, but traffic is slowed by signalized
intersections which result in three stops and two speed
cycte changes from 35 to 20 mph. Westbound traffic has two
stops and one speed cycle change from 35 mph to 25 mph.

This section contains .5 mile of +3% grade and .25 mile of
10 degree curve. The pavement has a serviceability index
of 3.0, and the combined ADT for both directions is 28,000.
At Point B, the ADT increases to 32,000 and the average
speed decreasés'to 20 mph as the route passes through a one
mile flat section of urban CBD. This portion of the route
has a serviceﬁbi]ity index of 2.5. At Point D, the ADT
drops to 28,000 again and traffic returns to free-flowing
for the remaining two miles to Point E. At the time of the
analysis, no data are available regarding the speed, traf-
fic conditions, or specific roadway geometrics for this
last section.

Alternative 1-

it is proposed to build a new 4.5 mile, two-lane, bypass
along a shorter but more hilly route. From Point A to
Point C will be 1.5 miles containing one mile of +4% grade
and .8 m11e of 5 degree curve. From Point C to Point E
will be 3.0 miles containing 1.25 miles of -2.0% grade and
1.6 miles of 4 degree curve., The ADT for the entire bypass
is projected at 24,000; traffic would be free-flowing at

55 mph. The bypass being a new pavement would have a
serviceability index of 3.5 and the project fis estimated to
cost $6,000,000 (in 1980 dollars).
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Alternative 2

It is proposed that no improvements be made in the area (a
no-build alternative). The existing roadway will receive
only normal maintenance. Future traffic predictions
indicate the same ADT and vehicle mix for the entire study
period; '

Perform an energy analysis comparing the two alternatives
over a 20 year study period from beginning of 1985 to end
of 2004, Use the federal vehicle fuel consumption rates.
Calculate the total direct and indirect energy consumption
by each alternative. It has been calculated that with the
bypass, the city's arterial route would still retain a
traffic of 4,350 vehicles per day. The vehicle mix for
all traffic is 80% light duty vehicle, 10% medium vehicle
-and 10% heavy vehicle.
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ALTERNATIVE #1
BUILD A BYPASS

DIRECT ENERGY CALCULATION WORKSHEET
[1f the only information available is the segment length and ADT, then use the lines that are falldwed by "S* {special case)]

1 Study Pericd: Begin 1985 to End 2004; 20 Years
2 POTNES seeevevevansauarsccancene . to € to
3 Lane Segnent # ..iuieesrvccesnsisinanes tesessamsass sessssnsrasaseraes . W W
4 Length of Segment (MITES) ceavececitionncasansnan 3.0 1.5
5 Type of Traffic Flow .... F. Flow F., Flow
6 Grade aevuecasassas +2 -4
7 Length of Grade (miles) . 1.25 1.0
8 Curvature {degree) ...cesecevespencs anaceses 4 5
9 Lengths of Curves (MI1@S) c.ivevessrcnciecrsonanansannncassnsassansssnssnsnsassnsascnanss 1.6 0.8
10 Speed Change CyCleS ceciiesssevssansasssssassancinssensssannscsnsenasssnansansasssonnene Hone None None None
11 Average Speed, MPh ..veecccsccssosnssnnsnnnasonss 55 55 55 55
12 Average Dafly TraffiC seessesssvvessnsssssancaanaccnscacesccnacen 12,000 12,000 12,000 12,000
13 Percent Light Duty YehicTe g 80 80 a8 80
Humber of LDV suvvvaenssnsssnsnsnes [LINES 12x13]/100 sessessaEIrIsEaT Rt RS ES 95600 9600 9600 9600
15 Constant Speed 0% Grade Consumption Rate ...eusees (C=l=l) suvseensecssascessracrsrncane 58.1 58.1 58.1 58.1
16 Constant Speed at Grade Consumption Rate .c.ceeses (€=1=1) civiinnnecrannacannancacnasns 88.7 42.7 78.0 35.5
17 Consumption Rate for Speed Change Cycles ...uveves (C2-1} veucennsnassoccncerasscsncasns 0 1] 0 0
18 Curvature Consunption RALE ..ecevecerssevensenssse (L2321} civrecrrrncersacerrscerssenss 1.0 0.5 0.5 1.0
19 Base Urban Fuel Consumption RAte .cscececiavsscscs (Co) tivicessancasssscassnacasssnsan N/A N/A N/A N/A

279.1 976.8 976.8 279.1
851.6 512.5 912.5 340.4

20 Fuel Consumed 0% Grade ...ccceesees [Lines (4=7)x14x15]/1000 cevececnnnas
21 Fuel Consuned at Grade ...eeesesees LLINES 7x14x16]/1000 ...

22 Fuel Consuned Speed Change eee [Lines 14x17]/1000 ... 0 0 0 0
23 Fuel Consuned Curvature ........... [Lines 9x14x18}/1000 ... 7.7 7.7 7.7 7.7
24 Base Urban Fuel Consumed ......e... LLines 4x14x19]/1000 ...ccvveannsee K/A N/A N/A N/A
25 Study Peried Fuel Consumption...... [Lines 20+21+22+23 or 24]:(355)x(years) asessvesasas 8.31E6 10.93E6 13,8566  4.58EH

26 Study Period Average Base Fuel Correction factor . (C-5-1) shiresasesasecnincitinsnsinas 0.529 0.529 0.529 0.529
265 Study Period Average On-Road Consumptfion Rate .,.. [Line 26]/14 282 L ieicitrcrasicnsnes N/A N/A N/A N/A
27 Adjusted Fuel Constmption ....ee... CLInes 25x26] or [Lines 4x14x265]x(365) x(years)eeas. 4.40E6 5.78€6 7.33%6 2.42E6
28 Percent Diese]l - Study Period AVErage .....ccesese (C=5=1} seecenserneeorracscssnsassces 11.21 11.21 11.21 11.21

29 Gallons Diesel .uuvevvessscnsnnanas [Lines 27:28}/100 retmssmssacmssrmannn wrvevneseerana 0,4%6 0.65E6 0.8266 0.27E6
30 Gallons GAS .ucecesccvecssosassnaes LLINGS 27929) L vioiuniititossrscsanssionctosnnannne _3.91e6 5.13E6 6.51E6 2.15E6
31 Percent Medium Truck {MT) cueeuvesesessersessassascesancssesssssusssanntsanssanaastnanans 10 10 10 10
32 Number of Medium Truck sceseeesease LLINES 1223117100 cuvoiecenacsencesesssessncessanns 1200 1200 1200 1200
33 Constant Speed 0% Grade Consumption RALE ..eeseses (C=l"2) cenrsverncnssvacsnnsecasscanes 139.0 139.0 139.0 139.0
34 Constant Speed at Grade Consumption RAte ....eeeee (C=l1=2} seencrescssnsessnuvscsnnansns 176.0 99,7 163.0 79.1
35 Consumption Rate for Speed Change Cycles ......... (C=2-2} ceuveirvnansnnranssncsncanasen 1] 1]

0 Q0
36 Curvature Consumption Rat® ...civieccacncenrsncene C-3-2) Geeadmcsnsescncmcanannsnanane 1.7 0.8 0.8 1.7

37 Base Urban Fuel Consumption Rate ...ccevvevsceens -4) . N/A N/A N/A N/A
38 Fuel Consumed 0% Grade .....ce.cs.. [Lines (4-7):32:33][100 83.4 291.9 291.9 83.4
39 Fuel Consumed at Grade ... Lines 7x32x34]/1000 . 211.2 149.6 244.5 9%4.9
40 Fuel Consumed Speed Change .... Lines 32x35]/1000 ... 0 0 0 Q
4l Fuel Consumed Curvature ...ceeeeess [Lines 9:32:36}!1000 evesnsnsans 1.6 1.5 1.5 1.6
42 Base Urban Fuel Consumed ...eceneee LLINBS 4X32X371/1000 4eveevrnoseracssonssesncsaanane R/A N/A N/A N/A
43 Study Period Fuel Consumption ..... [Lines 38+39+40+1 or 42]x(365)x(years) .oveeveerses 2.16E6 3.23E6 3.93E6 1.31E6
44 Study Period Average Base Fuel Correction factor . éc-s-a) .............. reecsvecasee res 0.68 0.68 0.68 0.68
445 Study Perijod Average On-Road Consumption Rate .... [Line 44]/8.22% ... ccececvereccenan N/A N/A N/A N/A

45 Adjusted Fuel Consumption ......... [Lines 43x44] or [Lines 4x32x445]x(365)x(years) 1.47E6 2.20E6 2.67E6 0.89E6
46 Percent Diesel - Study Perfod Average .....eseeess (C=5=2) sevnvsvsnsncnnsscansssanssnes 25.05 25.05 25.05 25,05
47 Gallons Diesel .uveesnvsorassensess [LINES 45:45}/100 g 0.37E6 0.55E6 0.67E6 0.22E6
48 GAllons B2S suusessacssssresessnses LLINAS 4547 e 1.10E6 1.6586 2.00E6 0.67E6

49 Percent Heavy TruCK (HT} sseessvesecasstoscssenusnssransansssessessssassssscensansnnanes 10 10 10 10
50 HNumber of Heavy TrUCK seveevesecsss [LINES 12%897/100 .vvvsevrsconsenersresasscnnnnasans 1200 1200 1200 1200
51 Constant Speed OX Grade Consumption Rate ......... (C=1=3) ..0nesueanas sessssarssssensns 180.81 180,81 180.81 180.81
52 Constant Speed at Grade Consumption Rate ......... {C-1-3) ..... tetsctnsssnane reaverecns 355.43 18.85 312.65 8.07
53 Consumption Rate for Speed Thange Cycles ......... {C-2-3) Lovennes 0 0 Y 0
54 Curvature Consumption Rate ....ceeecencee .. (€-3-3) 7.2 3.6 3.6 7.2
55 Base Urban Fuel Consumption Rate .... veesse (C-4) . N/A N/A N/A N/A
56 Fuel Consumed 0% Grade ............ l.'lnes (4-7):50x51]f1000 . 108.5 379.7 379.7 108.5
57 Fuel Consumed at Grade ..icveseees LLines 7x50x523/1000 .cuveens ersscrnsseasasenren 426.5 27.9 469.0 9.6
58 Fuel Consuned Speed Change ...ive.. LLiNEs 50x53]/1000 cucvescaonsnrorsaancanansane reeae 0 0 0 0
59 Fuel Consumed Curvature ....ceseees [Lines 9x50x54]/1000 tcvseranrsvararsansscnacssanaas 6.9 6.9 6.9 6.9
60 Base Urban Fuel Consumed ...ceevees [LINeS 4X50X55 /1000 vvesnvvosnconncrassnccanncccnns N/A N/A /A N/A
61 Study Period Fuel Consumption ..... [Lines 56+57+58+59 or 50]:(365)x(years) tdesteeennee 3.96E6 3.03E6 B6.25E6 0.91E6
62 Study Period Average Base Fuel Correction factor , "(-C-S-!-) Sezersstereersiaeetaiiiicaes 0,773 0.773 0.773 0,773
625 Study Period Average On-Road Consumption Rate .... [Line 621/5.173 | ..ccveseescacnsacess R/A N/A N/A N/A
63 Adjusted Fuel Consumption ...... «»» [Lines 51x62] or TLines 4x50x625]x{365)x(years) .... 3.06E6 2.34E6 4,836 a Incc

64 Percent Diesel ~ Study Peried AVErage sicisecsceee (C*573) weersawirsacunsrannssccanncns 94.70 94,70 84.70 94.70
65 Gallons Diesel sivevcvcrnvesnonssns I[hL'lnes 63%641/100 curiuearrrnascastesennscansasveanss 2.90E6 2.22E6 4,57E6 0.66E6

66 GA110NS GBS veussvssseseosssasssone LLINES 63-65] +uussnnscsccannanasaanansaasascnsanans 0.1686 _0.1266 0. 26E6 0.D4E6
67 Study Period Fuel Diesel ........ [Linas 29+47+65] ........ cisscessatsosesusnnanns 2.23EH + 1.81E6 + 10.35E6 = 14,3%6 galions
68 Study Period Fuel Gas .ecessveess [LINES 30MBHEB] ..vevurscaasansasaacasansansss 17,7066 + 5.4266 + 0.58E6 = 23.70E6 gallons
69 Study Period Energy Diesel ...... [Line 67] x 147,600 siivivvaviasencrsnnnasncnancncnsansns vevsnssassnrnsans & 2.12E12 Btu
70 Study Period Energy Gas .....s... [Line B8] % 143,700 tivicesrnscarrasassasancacncasencas-ssssnassvassnnances = 3.41E12 Btu
71 Subtota) BYU .cssseeevessnscsnsnepas LLiNES BI#70] 4ucarncearicnrrocnrnsanncsestatonaniaraotarasisaceasansanres = 5.53E12 Bty
72 Energy Consumed on Existing Route® ., esuvsanssanes weess = 2,70E12 Btu
73 Total Birect Ener = 8.23f12 Btu

T N Ny S N R P Ny e N S RS L AN R R LR L L] HE N

a 14.24, B.22, 5.17 are base yéar 1980 MPG of LDV, MT and HT, respectively, from Table C:5
b See No. 2 Calculation Detail.
N/A  HNot Applicable
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ALTERNATIVE #1

BULILD A BYPASS

INDIRECT ENERGY CALCULATION WORKSHEET

1 Study Period: Begin 1985 to End 2004; 20 Years

2 Points ..... Nama s e rsEs el Ee i eh s as s s aarare e easane +A to C to E to € to A
3 Lane SegMeNt s.cuvrvveresssonnsoconainnnnn 1E 2E 2W 1w
4 Length of SECtiON sesvevecesrarsnssssannnans 1.5 3.0 3.0 1.5
§ Pavement Serviceability Index* ........ 3.5 3.5 3.5 3.5
6 Average Dajly Traffic ...oseeevanesnses 12,000 12,000 12,000 12,000
7 Percent Light Duty Vehicle (LDV} ..ccverevsvecacncacsosnscnnnns sasususerasttabenanansas 80 80 80 80
8 fumber of LDV iesesvensavesncerass wese [LiNES BX7]/100 vuivnrneesennanaenosnnncnnenes 9600 9600 - 9600 9600
9 Annual Vehicle Miles Traveled ..... veee [Lines 4x8]x365 ........ tetvanssasasssrnnnn +ses 5,26E6 10,51E6 10.51E6 5,26F6
10 01 Energy Per Mile suviverneeen. sessnees 308 iiiiunnnns Tetetracreratssssieonnnsranens 308.0 308.0 308.0 308.0
11 Tire Energy Per Mile ..icecivasissoncanne 316x{adj.fact.) (C-12-1) v.vvvevrennansonnnsn 316.0  316.0  316.0 316.0
i2 Maintenance Repair Energy Per Mile ...... 505x{adf.fact.) (C-12-1} .... terasasneae 505.0 505.0 505.0  505.0
13 Manufacturing Energy Per Mile .......... 1399x(adj.fact.} (C-12-1) ......... ervesesssss 1399,0 1399.0 1399.0 1399.0
14 Annual Energy Consumed Btu/milte ....... [Lines 10#11#12413] vievrrenernnnsvancanesveeee  2528.0 2528.0 2528.0 2528.0
15 LDV Energy Consumed During Study Period [l ines 9x14]x{years) ..... srssessscscevinanaas ..0.27E12 0.53F12 0.63El2 0.27E12
16 Percent Medium Truck (MT) suveceunen.. seeseresas sttt ttuanna reseeveestsasertrbasnan rese 10 10 16 10
17 Number of Medium Truck ......... ersoves [Lines 6x16]/100 vuvrurueeesnssennena revavisase 1200 1200 1200 1200
18 Annual Vehicle Miles Traveled .....eeee [LiNES 321775365 oouenvnrnrnnn reassrerseacesvss O.6686 1.31E6 1.31E6 0.65E6
19 0171 Energy Per Mi1e cuivrvanssasasscacece 594 orinnneernnesnsosnsansrososssrossessannns 594.0 594.0 534,0 594.0
20 Tire Energy Per Mile ..civeevesorcansnans 366X(805.F2Ct.) (C-12-2) veverevscesscasannes 366.0 366.0 366.0 366.0
2l Maintenance & Repair Energy Per Mile .., 1186x(adj.fact.) (C-12-2) veveervsseencannnnes 1186.0 1186.0 1186.0 1186,0
€2 Manufacturing Energy Per Mile .......... 1839x(adj.fact,) {C-22-2) viciveianmnveneese.. 1839.0 1839.0 1839.0 1839.0
23 Annual Energy Consumed Btu/mile ....... [Lines 19+20421422] ........ sesesrassssnssveess 3985.0 3985.0 3985.0 3985.0
24 MT Energy Consumed During Study Pericd sitesssesesssiiisssasnan . 0,05E12 0.10E12 0.10E12 0.D5E12
25 Percent Heavy TruCk (HT) ouiuuceoncccessssaancaostanntnrnsnsonrassssassssrsoonnnonnsesy 10 10 10 10
26 Number of Heavy Truck ..... sesversvnese [LTNES 6X25]/100 vurunrceennenannn 1200 1200 1200 1200
27 Annual Vehicle Miles Traveled ......... [Lines 4x26]x365 .ovveunrnnenn sesssenssassscess UO,6886 1.31E6 1.31E6 (.66E6
28 011 Energy Per MiTe ouivuvsnsssnncisnces 1109 4 otiiiinnssosunnnanocsssosnnonsoesnnnns .o 1199.0 1199,0 1199.0 1199.0
29 Tire Energy Per Mile ...evvvvniennanncnns 725%(80.F2CE.) (C=I12-3) vivevovoovecerassrne 725.0 725.0 725.0 725.0
30 Maintenance Repair Energy Per Mile ..... 1714x(adj.fact,} (C-12-3) vevervvvenennesvenes. 1714.0 1718.0 1714.0 1714.0
31 Manufacturing Energy Per Mile .......... 1251x{adj.fact.} {C-123) veeveeen sesesssseses 1251.0 1251.0 1251.0 1251.0
32 Annual Energy Consumed Btu/mile ....... [Lines 28+#29+30431] ........ tesssseressseereees 4B889,0 4889.0 4889.0 4889.0
33 HT Energy Consumed During Study Period [Lines 27x327x{years) ...... setrisissssasanssss 0.06E12 0.13€12 0.13E12 0.06E12

35 Percent Vehicles Using Existing Road** .....eevvuvennn. sresscecssscasassttranann terverarianateteecnanns eevsee = 30,2

36 Indirect Energy Due to Vehicles Using Existing Road ...[Line 351/100x(3.22E6)™ % ...vervevennennnnnnnnnnnn

37 Total Indirect Energy Due to Vehicles ..... [LiN8S 344367 vuveurnernenenocoocannn P T

«ss = 0.97€12 Btu

.. = 3.25E12 Btu

38 Annual Maintenance Energy per Lang-Mile of EXi5ting ACP . (C-1%) wecvove.. senssvsseasssssasese 17.76E7 Btu

39 Total Lane-Miles of ExiSting ROA ..veeesascaccsssoccnonea sassssrssansssenennna sesssesssnsssss 10.0 miles ’

A0_Energy Consumed for Existing Road Maintenance During Study Period [L ines 38x39]x{years) ........... sssscvsers = 0.04E12 Bty
41 Annual Maintenance Energy per Lane-Mile of New ACP ..,oee (C-18) covovs.. resenesesetasbnnnraas . 8,03E7 Btu

42 Total Lane~Miles Of New HighWAY .occceecesreressaressssesncnsnssnsonnoossoncmnnse sesssecrernsas 9.0 miles ‘

43 Energy Consumed for New Highway Maintenance During Study Period [Lines 41H2Tx{Vears) voveeereeeseenncncaces = 0.01E1Z Bty

44 Total Indirect ENeray ...... seeaes |Lines 37+40+43
45 Energy per Construction DOJ1ar .....eseeresonsescooces ere (G20} teeevenanns weverenesersesvesss B.GUES Btu

... = 3.30E12 Btu

A6_Energy Consumed for-Construction of New ACP Highway [Line 45xclostf(l-11qhwax Construction Price Index)**++] ... = 0.26E12 Btu

*If pavement serviceability index unknown, use 3.5 .
. **See No. 1 Calculation Details
*#5ee Alternative #2, Isdirect Energy Worksheet, Lins 34

****Highway Construction Price Index = 1.54 {Base Year 1977, Table C:21) . - - - “
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ALTERNATIVE #2
NO BUILD

DIRECT ENERGY CALCULATION WORKSHEET
[If the only information available is the segment length and ADT, then use the lines that are followed by “5" (special case)]

-1 Study Period: Begin 1985 to End 2004; 20 Years &

2 POINES suviiinavecennennan 4easesssusssensenssssstnananana to D to E to D to B to A
3 Lane Segment # ....ieiiiennnnnene sasesstttsmarassetsven 2E 3E W 24 1WE
4 Length of Segment {MIT1€5) cecverecevocsscacanaannsnne 1.0 2.0 2.0 1.0 2.0
5 Type of Traffic FIOW cuctrrreravaresssarssvsvenen Congest. F. Flow F. Flow Congest. F, Flow
6 Grade {¥) cevvvvevivnnan 0 Unknown Unknown 0 -3.0
7 Length of Grade (miles) ......... . 0 " " 0 0.5
8 Curvature {degree) ...... o] " " 0 10.0
9 Lengths of Curves (miles) ercasens 0 " - 0 0.2

10 Speed Change Cycles .. Nbussteannarrasensessssis N/A - " N/A 3

11 Average Speed, mph ... 20 " - 20 35

12 Average Dafly Traffit susesececescescsaccacas s eMessstesononnansasan 16,000 14,000 14,000 16,000 14,000
13 Percent LIght DUCY VENTCIE (LDV) seerocconcnes eeviesnessstecnene a0 ] B0 B0 80

sssveies .o 8 80
14 Number of LDV ...eeeseecsnnaaeres [Lines 12x13]/100 .eunnnenne. 12,800 11,200 11,200 12,800 11,200

- 15 Constant Speed 0X Grade Consumptfon Rate ......... (C=1-1) .ieveveenn 47.0 N/A N/A K/A N/A 47.0
16 Constant Speed at Grade Consumption Rate ......vee {C=1=1) trvrecanes 68.8 . " " " 29.5
17 Consumption Rate for Speed Change CYCT1ES veeuvenes (C2-1) vrivnnrness 40.4 " - - » 23.7
18 Curvature Consumption RAte ....cvesssessasscsnsssee (E-3-1) veiveeenns 0.1 - " - - 0.1
19 Base Urban Fuel Consumption Rate sueceececeeesoecee (E=8) vivecnvans .e N/A 72.0 " " 72.0 N/A
20 Fuel Consumed 0% Grade .......... [Lines (4-7}x14x150/1000 ...cue.... 789.9 N/A = " N/A 789.5
21 Fuel Consumed at Grade ....eevves ELines 7x14x167/1000 .uvvevennnnaen 385.3 " - " " 165.4
22 Fuel Consumed Speed Change ...... [Lines 14x17]/1000 ...cnvensnninnes 452.1 " " - " 265.3
23 Fuel Censumed Curvature ......... [Lines 9x14x18]/2000 ...0vveeeecaes 0.3 - * - - 0.3
24 Base Urban Fuel Consumed ..... ees [LiNES 4x14X197/1000 ..vvernrenneen N/A 921.5 u - 921.5 N/A
25 Study Period Fuel Consumption . [Lines 20421422423 or 24]x({365)x(yrs) 11.86E6 6.73E6 " a 6.73E6 8.91E6
26 Study Period Average Base Fuel Correctfon factor . {C-§-1) ...... 0.529 0.529 0,529 0.529 0.529 0.529
265 Study Period Average On-Road Consumptfon Rate .... [Line 26]/14.24C N/A N/A 0.0371 0.0371 N/A N/A
27 Adjusted Fuel Consumptfon ....... [Lines 25x26] v.e.c... sssensanaseass D.29E6 3.56E6 6.07E6 6.07E6 3.56E6 4,71E6

or [Lines 4x14x2651x(3653x{yrs) +vevus
28 Percent Diesel - Study Period AVErage .eeceeeesess (0=5-1) enieeesee 11,21 11,21 11,21 il.21 11,21 1121
29 Gallons Diesel ...eevvaves .. [Lines 27x28;'|1100 cessssssssssesees U,71E6 0.40E6 0.68E6 0.68E6 0.40E6 0.53E6

30 Gallons GaS weeeescensscne .o [Lines 27+29] veueeennans swesssssae. 5,586 3,16E6 5.39E6 5.39E6 3.16E6 4.19E6
ercent Medium fruc } sueeccsvserasssssssassosstinnanna sesssscans 10 10 1U 10 10 10

32 Number of Medium Truck ....eeeeee [LINES 12X317/100 vvuerenenscscvann 1400 1600 1400 1400 1600 1400
33 Constant Speed 0% Grade Consumption Rate .evsevene {C=1+2) 1urunnaeee 113.0 N/A R/A N/A N/A 113.0

- 34 Constant Speed at Grade Consumption Rate .....e... éC-I-z 1387.0 b " " " 65.9
35 Consumption Rate for Speed Change CYC1es veveesses (C2-2) tevoceensn 157.7 . " " » 91.6
. 36 Curvature Consumption Rate ..ececacescssavsssescns (C*3%2) toveeeennn 0.2 n . . " 0.2
- 37 Base Urban Fuel Consumption Rate s..eeeeceo. erseres (C-8) vavennanns . N/A 182.19 - - 182.19 N/A
38 Fuel Consumed OX Grade ........ ee ELines (4-7)x32x331/1000 veueeeenns 237.3 N/A " " N/A 237.3
39 Fuel Consumed at Grade ....eeeve. LLines 7x32x34771000 «.oueveenennnn. 130.9 . " " u 45.1
4¢ Fuel Consumed Speed Change ...... |ELines '32x35]/1000 veececnne. renses 220.8 . » " " 128.2
41 Fuel Consumed Curvature ......... [Lines 9x32x36}/1000 cesrransssenes 0.1 " " - " 0.1
42 Base Urban Fuel Consumed ........ [Lines 4x32x377/1000 ..vineeevennne N/A 291.5 - - 2915 N/A
43 Study Perfod Fuel Consumption . [Lines 38+39+40+41 or 42]x(365}x(yrs 4,30E6 2.13E6 - " 2.13E6 3.01E6
44 Study Perdiod Average Base Fuel Correction factor . (C-5<2) ,.veueecen 0.680 0.680 0.680 0.680 0.680 0.5680
445 Study Period Average On-Road Consumption Rate .... [Line 44]/8.22¢ .. N/A N/A  0.0827 0.0827 N/A N/A
45 Adjusted Fuel Consumption ....... [Lines 43x44] .ioveveracas sevencesa 2.92E6 1.45E6 1.6%6 1.69E6 1.45E6 2.05E6

or [Lines 4x32x445)x(365)x(¥rs) .ccuen
45 Percent Diesel - Study Period AVErdge .eveeeeevens (C=5-2)
47 Gallons.Diesel ....civenneueansss [Lines 45x467/100
48 Gallons Ga5 ueucveceeecoeninsnnas

25.05 25.05 25.05 25,05 25.05 25.05
0.73E6 0.36E6 0.42E6 0.42E6 0.36E6 0.51E6
1.27E6 1,27E6 1.08E6 1.54E6

‘50 .e Lines 12x49]/100 ........ 1400 1600 1400 1400 1600 1400
§1 Constant Speed 0% Grade Consumption Rate .....ee.. (C+1-3) .. 182.4 /A N/A N/A N/A 182.4
52 Constant Speed at Grade Consumption Rate ....... es (C~1-3) 3582.0 . " " - 6.1
53 Consumption Rate for Speed Change Cycles veeeeeees {€2-3) vevevrnnes 280.6 ~ . - » 163.9
54 Curvature Consulption Rate ..ueveeeieccvsssvorsees (C=323) vivinnens . 0.7 - - " . 0.7
55 Base Urban Fuel Consumptfon Rate .....eseeccuccnes [, 3 N/A 245.0 b b 245.0 N/A
- 56 Fuel Consumed 0X Grade .......... [Lines (4=7)x50x51]/1000 vevuvenane 383.1 N/A " b N/A 383.1
57 Fuel Consumed at Grade ......... [Lines 7x50x523/1000 suueveucnene . 274.4 n " b " 4.3
§8 Fuel Consumed Speed Change ...... [Lines 50x53]/1000 ..veveneccaccccs 392.8 a . " . 229,5
59 Fuel Consumed Curvature ......... [Lines 9:50:541/1000 0.2 " - = . 0.2
60 Base Urban Fuel Consumed ...... «. [Limes 4x50x551/1000 ...ccven.. wens N/A 392.0 n " 392.0 N/A
61 Study Period Fuel Consumption . [Lines 56+57+58+59 or 601x(365)x{yrs) 7.67E6 2.86E6 " " 2.86E8 4.50E6

62 Study Period Average Base Fuel Correction factor . EC-5-3) casssssaca 0.772 0.772 0,772 0.772 0.772 0,772
625 Study Period Aver®e On-Road Consumption Rate .... {Ltne 621/5.17° .. N/A N/A 0.149 0.149 N/A H/A

63 Adjusted Fuel Consumption ....... fLines 61X62] veeasncasnsctenccaneans 5.92E6 2.21E6 3.05E6 3.05E6 2.21E6 3.48E6
or [Lines 4x50x625]x(365)x(years) ....

64 Percent Diesel - Study Perfod AVErage ..cceeceeess (C=5=3} vevesesess 94,70 94,70 94.70 94.70 94,70 94.70

65 Gallons Oiesel ....... vrsassnsvas [Lines 63x64]/100 ...ivvvernnneeans  5.6LE6 2.09E6 2.89E6 2.89E6 2.09E6 3,30E6

Gal1ons GAS ..ussnuaeiosocacaaane. Lines 63-65] iiucececcccoanaanans . 0.32E6 0.12E6 0,16E6 0.16E6 0.12E6 0.18E6

25,07E6 gallons

67 - Study Period Fuel Diesel ...... [Lines 29H7465] +1uveuinnnessssscssrasasenenssees 3.40E6 + 2.80E6 + 18.87E6
8.4 326.38E6 gallons

68 Study Period Fuel Gas ..vsuseas [Lines 30H8+66] .. uuvvnnnne

69 Study Period Energy Diesel..... [Line 67] x (147,600) .... 3.70E12 Btu
70 Study Period Energy Gas ....... [Line 68] x (143,700) .. . 5.23E12 Btu
71 Total Direct ENErgy sussesecessss [LINBS BO470] uuuuneenanumnunssnnncasecessocenasensscnssssnnnemonns 8.93E12 Btu

2 Three cycles of 35/0 and two cytles of 35/20

b Two cycles of 35/0 and one cycle of 35/25

[ 14.24, 8.22, 5.17 are base year 1980 MPG of LDV, MT and HT, respectively, from Table C:5
 N/A Not Applicable : c-75



ALTERNATIVE #2

NO BUILD

INDIRECT ENERGY CALCULATION WORKSHEET

1 Study Period: Begin 1985 to End 2004; 20 Years

2 POINES senensevsrriorarasarsosssstccscsstnnanan teerssserenvicienieae- A to B to D to E to D to B to A
3 Lane Segment ....eesessscsscssssssisiossnnncenn 1E 2E 3E 3N 2u 1w
4 Length. of Section ..eiececereccncnnnas Seatemrrssrrarsesensttsnansenann 2.0 1.0 2.0 2.0 1.0 2.0
§ Pavement Serviceability Index* ..... rerrasssananasassasatbEsEnsann 3 2.5 Unknown Unknown 2.5 3
6 Average Daily Traffic ............... s et ssssssezsemumnusssssanas »ee 14,000 16,000 14,000 14,000 16,000 14,000
7 Percent Light Duty Vehicle {LDV) .ceeeeca. . 80 80 80 B0 80 80
8 HNumber of LDV ........ sesrsesseenrracesess [Lines 6x7]/100 ...00i0eee. 11,200 12,800 11,200 11,200 12,800 11,200
9 Annual Vehicle Miles Traveled sooveeeceee. [Lines 4x8]x365 .....c0.... B.1BE6 4.67E6 B.186 8.1856 4.67E6  8.18E6
10 0i1 Energy Per Mile c.vvveeeeneccnnnes {11 N 308.0 308.0 308.0 308.0 308.0 308.0
11 Tire Energy Per Mile ...civseeesecraenansess 316x{adj.fact.) {c-12-1) 367.0  433.0 316,0  316.0 433.0 367.0
12 Maintenance Repair Energy Per Mile ......... 505x(adJ.fact.) (C-12-1). 581.0  692.0 §05.0 505.0 692,0 581.0
13 Manufacturing Energy Per MiTe sivevensesss . 1399x{adj.fact.) {C~12-1). 1427.0 1455.¢ 1399.0 1399.0 1485.0 1427.0
14  Annual Energy Consumed Btu/mile ......... . [Lines 10+11412+13] ....... 2683,0 2888.0 2528.0 2528,0 2888.0 2633.0
15 LDY¥ Energy Consumed Diring Study Period .. [ ines 9x14]x(years) ...... G.44F12 0.27E12 0Q.41E12 0.41F12 0.27£12 0.44E12
16 Percent Medium TTUCK {MT) ooeeeesssosreassscsossssoosssssnrsnss 10 10 10 10 10 10

17 Number of Medium Truck ..veveeessvsecesaes [LiNes 6X16]/100 vuvuvraens 1400 1600 1400 1400 1600 1400
18 Annual Vehicle Miles Traveled .....esevv.. [Lines 4x17]x365 .......... 1.02E6 O,58E6 11,0766 1.02E6 O0.58E6 1.0%E6
19 041 Energy Per Mile ...iieveesssnncanaracans 94 L vrarsnanssanseniinn 594.0 594.0 594.0 594.0 5984,0 594.0
20 Tire Energy Per Mile ...ccve.... serennsennes 366x(adj.fact.) (C-12-2). 392.0 425.0 366.0 366.0 425,0 392.0
21 Maintenance & Repair Energy Per Mile ...... 1186x(adj.fact.) (C-12-2), 1269.0 1388.0 1188.0 1188.0 1388.0 1269.0
22 Manufacturing Energy Per Mile ....vuvvee.s. 1839x(adj.fact.) (C-12-2). 1913.0 2005.0 1839.0 1839.0 2005.0 1913.0
23 Annual Energy Consumed Btu/mile .......... [Lines 19+20421+22] ....... 4168.0 4412.0 3987.0 3987.0 4412.0 4168.0

284 MT Energy Consumed During Study Period ... [Lines 18x23|x!zear5! vesss O 09E12 0 05512 0. 08E12 0.0BElz 0. 05E12 0 09E12

75 Percent Heavy Truck (HT) weesssscessssseconncenens

26 Number of Heavy Truck seesssssssssscsiecse [LTNES 6X25]17100 oovvvvnaas 1400 1600 1400 1400 1500 1400
27 Annual Yehicle Miles Traveled ....ece.nn.. [Lines 4x26Jx365 ...0ov.... 1.02E6 O.58E6 1,02E6 - 1.02E6 0.58E6 1.02E6
28 011 Energy Per Mile cuvsvveevecenrononn O 5 . L . 119%,0 1199.0 1199.0 1199.0 1199.0 1199.0
29 Tire Energy Per Mile ........ asssssasssaness 720x(adj.Fact.) {C-12-3). 776.0 841.0 725.0 725.0 841,0 776.0
30 Maintenance Repair Energy Per Mile ..,..... 1714x{adj.fact.) {C-12-3}. 1903.0 2177.0 1714.0 1714.0 2177.0 1903.0
31 Manufacturing Energy Per Mile ........... +» 1261x(adj.fact.) (C-12-3). 1301.0 1364.0 1251.0 1251.0 1364.0 1301.0
32 Annual Energy Consumed Btu/mile ........ .. [Lines 28+29+430431] ....... 5179,0 558l.0 4889.0 4889.0 558l,0 5179.0
33 HT Energy Consumed During Study Pericd .. [lines 27x32]x(years) ..... 0.11E12 0.06Et2 0.10E12 O0.10F12 0.06E12 0.11F12
34 Total Indirect Energy Due to Vehicles ..., [Lines 15+ 24+ 337 ............ sessass 2.24E12 + 0.44E12 + 0.54E12 = 3.22E12 Btu
35 Annual Maintenance Energy per Lane=-Mile of ACP ..ovevveerees (C-14) ..... seresensnss 17.76E7 Btu

36 Total Lane-Miles of EXTSting ROAd seeeernvevcescceoscesscncscannnsn seacssssssscassssesss 10.0 miles

37 _Energy Consumed for Existing Road Maintenance During Study Period {Lines 35x361x{YEars) v.....cveceeececcsenee = 0,04E12 Bty

38 Total Indirect Energy [Lines 34+37) uuuueusouesoasscssossnonenssssnnsssssesssesisssonestsssesessssssssssassesee = 3.26E12 BLU

*If pavement serviceability index unknown, use 3,5
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"CALCULATION DETAILS

Energy consumed on existing route.

total lines[9+18+27]
total length

Daily vehicles (no build): /365

) |
- 52'54310 Xgég = 14,390 vehicles

Percent vehicles using existing 4 .350
street after bypass built: T390 30.2%
: s

It

Energy consumed on existing 1 1
street after bypass built:  8.93x1012x30.2% = 2.70x1012 gty
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APPENDIX D

PAVEMENT RECYCLING ENERGY ANALYSIS



"APPENDIX D
Pavement Recycling

This Appendix contains an example energy analysis comparing
the energy consumption of an asphalt concrete recycling
process to that of a conventional asphalt overlay using new
material. Energy factors necessary for the analysis are found
in Appendix C, D and G,
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D1 General Operation of AC Recycling

Pavement recycling has recently received a good deal of atten-
tion due to its potential for saving energy and conserving
scarce resources. Although it is possible to recycle both
portland cement concrete (PCC) and asphalt concrete (AC) pave-
ments, recycling as used here refers only to AC pavements,

The most common methods of recycling AC pavements are:

Central hot plant, cold in-place and hot surface scarifying.
Surface recycling is usually confined to reworking only the
top one inch of pavement., This report is concerned with only
central hot plant and cold in-place recycling. In both of
these methods, from one to six inches of existing AC is
commonly removed. A full description of each method is beyond
the scope of this report; interested readers should consult
References DR4, 5, 6 or 7. Al1l recycling processes consist of
at least three basic operations, (1) removal of the existing
material to be recycled, (2) processing this salvaged material
into a paving mixture, and (3) relaying the recycled mix.

1, Removal of the existing AC can be accomplished by scari-
fying, planing or milling. Each of these operations can be
performed either at ambient temperature or after the pavement
has been heated.

2. Once the old AC is removed, it can be transported to a
central plant or processed in place., In either case, process-
ing usually involves pulverizing and grading the salvaged
material, adding new aggregate and binder as required and
mixing., The mixing operation can be performed with a cold mix
at ambient femperature or after fhe material has been heated.
It should be noted that cold recycling by itself (without a
hot-mix overlay) is only applicable to very low traffic roads.
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3. : To p]acé a cold recy@]ed mixture usually requires extra
compactive effort through the use of a special paving machine,
such as a Midland Pavér, and a heavy vibratory roller. To
place a hot recycled mix requires only conventional AC paving
and compaction equipment.

The overall energy consumption for recycling AC will be
contingent on the exact method used, as well as the mix design
and pavement thickness. One recent report (DR7) shows the
energy saved by reécycling as ranging between 70 and 7,730
gallons of diesel fuel per lane mile. Although much of this
range may be attributed to an. inconsistent analysis methodolo-
gy, which in large part is due to a lack of accepted guide-
Tines, obviously a considerable degree of variability does
exist, '

The following example 111ustrates how the energy intensiveness
of AC recycling can be caTcu]éted. A cold in-place mix with a
central hot p]anf overlay is used in the calculation. This
strategy will provide both‘protection from reflective cracking
and good.surfacerurab111ty. The recycling scheme is then
compared to the énergy intensity of a conventional AC overlay.

It is often useful to break construction energy down into
three basic categories of: (1) materials, (2) hauling, and
(3) processing.

1. The materials énergy is the energy necessary to produce
the basic construction materials before they reach the job
site, )

2. The hau1ing‘eneﬁgy is the energy necessary to transport

the material. This can vary greatly depending on the distance
from job to plant site.
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3. The processing energy is the fuel energy required by the
coniractor’'s equipment to produce and place the completed
job.

This energy breakdown convention is used in the summary table
presented for the example problem.
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D2 'Exémp1é¥o%’AC Pavement Recycling Energy Analysis

A section of rural AC pavement has undergone sufficient dete-
rioration to require improvement. Two pavement rehabilitation
strategies will be considered. Comparison will be made on a
Btu/yd2 basis. '

Alternative 1 - (Recycle existing pavement)

A combination of hot and cold recycling methods will be used
in this alternative. The fop 0.25 foot of the existing pave-
ment will be removed by cold milling. This material will then
be crushed at the:site by a mobile crusher. Eighty percent of
the crushed mateﬁial will then be processed by a traveling
mixer and paving plant. The mixer plant will add 1.5 percent
of an emulsified softening agent to the mix. This portion of
the recycled AC, when placed and recompacted, forms a mat
approximately 0.20 foot thick. The remaining 20 percent of
the milled AC will be transported to a centrally located hot
mix plant. New aggregdte and asphalt binder will be added in
proportion to make a 50 pércent recycled and 50 percent new
hot mix. This m{x is then laid as the surface course approxi-
mately 0.10 foot thick. Figure D-I shows the Recycling Flow
Chart. '

Alternative 2 - (New AC overlay)

Alternative 2 is;to overlay the existing surface with a 0.15
foot thick mat. of AC made from virgin materials.

Enérgy Analysis Alternative 1

The factors used“ih this analysis are shown in Table D-1 of
this Appendix.
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Cold Milling Energy Consumption

Cold Milling (D4.1) 2,700 (Btu/ydZ/in.)
2,700(Btu/yd2/in.} x .25(ft) x 12(in./ft) = 8,100 Btu/yd?
Cold Recycling .80(8,100) = 6,480 Btu/yd?

Cold Mixing Energy Consumption

The milled material must be elevated onto a mobile crushing
and screening plant. It is assumed that the plant is mounted
on a Caterpillar 126 grader or equivalent piece of equipment,
The grader has a fuel (diesel) consumption rate of 3.3 gal/hr
at low load factor (2). The plant has a production rate of
175 ton/hr. One hundred percent of the milled material will
have to be screened but on]y 10 percent of it needs to be
crushed. The salvaged AC will be relatively easy to crush,
with energy consumption similar to that of a pugmill.

3.3 (gal/hr) x 147600 {Btu/gal)

Grader
: 175 (ton/hr)

= 2783 (Btu/ton)

Elevate Material (D4.2) 8200 Btu/ton

Screen Material‘(D4.2)

480 Btu/ton

Crush Material (D4.2) .1 x 2200 220

11683 Btu/ton

11683 (Btu/ton)x135(1b/Ft3)x9(ft2/yd?)x0.

—)x9 25(ft) _ 1774 Btu/yd?
2000(1b7tom)




After being crushed and screened, the material will be placed
in windrows to be picked up by the mixer paving plant. The
asphalt emulsion used for cold recycling usually contains a
significant amount of rejuvenating agent. The rejuvenating
agent is chemically similar to diesel fuel o0il. It will be
assumed that the energy content of the emulsified asphalt used
for recycling is 10 percent greater than ordinary emulsified
asphalt,

Elevate Material (D4.2)

8,200 Btu/ton

Traveling Mixer (D4.2) 3,200 Btu/ton

Paving Machine (D4.2)

3,800 Btu/ton
15,200 Btu/ton

15,200(Btu/ton)x135(1b/ft3)x9(Ft2/yd2)x.2(ft) _ )
2000 (1b/ton) = 1,847 Btu/yd

Emulsifier

1.5% x 1,10 x 1.95 x 107 (Btu/ton) = 321,750 Btu/ton

321,750(Btu/ton)x135(1b/Fft)x9(ft/yd2)x0.2

= 2
2000 (1b/ton) 39,093 Btu/yd

Compaction Energy Consumption

Compacting (D4,2) 130 Btu/yd2/in,

130 (Btu/yd2/in.) x .2 (ft) x 12 (in./ft) = 312 Btu/yd?
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- Tota) Eﬁ%rgy Consumption for Cold Recycling

cold milling 6,480

{crushing and screening) .8(1774) = 1,419
mixing and paving 1,847
emulsifier . , 39,093
compaction - 312

49,151 Btu/yd?

" Hot Mix Energy Cohsumption

" Twenty percent of the cold milling operation was performed to
provide reclaimed AC for the hot mix,

Milling .20(8100 Btu/yd?) = 1620 Btu/yd?

1620 (Btu/yd?) 2000 (1b)
135 (1b.ft3) x 9 (ft2/yd?) x 0.1 ft

= 26,667 Btu/ton

" Crush and Grade Aggregate

The new aggregate to be added to the recycled AC mix will have
to be crushed and screened to size. Energy values vary
between 16,000 and 75,000 Btu/ton {(D4.3) for this operation,.

A value of 40,000 Btu/ton will be assumed in the analysis.
One-half ton of new aggregate is needed for every ton of 50-50

MmixXs

40,000 (Btu/ton) x .5 = 20,000 Btu/ton




Plant Generator Energy Consumption

This is the fuel required to run the diesel generators for the
mixer, vibrators, feed belts, etc, Total energy consumption
for these operations is 11,660 Btu/ton (D4,3) for a conven-
tional mix. The extra equipment necessary to process a
recycled AC mix will require an additional 25 percent more
energy.

11,660 (Btu/ton) x 1.25 = 14,575 Btu/ton

Burner Fuel Energy Consumption

Field measurements have shown that about 1.5 gallons of diesel
are needed for -each ton of recycled mix (Ref., 1}.

1.5 (gal/ton) 147,600 (Btu/gal) = 221,400 Btu/ton

Peripheral Plant Operations

This item includes fuel needed to operate loaders, asphalt
heaters, pumps and compressors,

Peripheral plant operation (Ref., 1) 63,980 Btu/ton

Additional Asphalt Energy

Three percent new asphalt binder will be required for each ton
of recycled AC hot mix. Asphalt has an equivalent energy of
3.14 x 107 (Btu/ton).

3.14x107 {Btu/ton) x .03 = 942,008 Btu/ton
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' é?dding; Paving and Compaction

The grading, pavfﬁg and compaction of the recycled hot mix can
be accomplished with the use of conventional paving equipment.
This is estimated at 17,700 (Btu/ton).

Transportation Energy

The milled material will have to be hauled from the job site
to the central plant. After being combined with the new
aggregate and binder to form the new mix, it will be hauled
back to the job site. For every ton of hot mix hauled to the
job site, half aiion of milled material is transported back to
the hot mix'p]antQ This prevents going back empty. Therefore
1.5 times the enékgy'intensity value for a 5 axle combination
truck will be used,

5 axle combination truck 2,096 Btu/ton/mile (GR.3)
2,096 (Btu/ton/mile) x 1.5 = 3144 Btu/ton/mile

3144 (Btu/ton/mile) x135(1b/Ft3)x9(Ft2/yd2)x0.1 ft

- 2,
2000 1b/ton 191 Btu/yd¢/mile

Total Ené?gy Cbnsumption for Hot Mix Recycling

cold milling K 26,667

jcrushing and grade new aggregate 20,000
plant generator 14,575
burner fuel ) ' 221,400
peripheral plant -operation 63,980
additional asphalt ‘ 942,000
grading, paving and compaction 17,700

1,306,322 Btu/ton
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1,306,322 (Btu/ton)x135(1b/ft3)x9(ft2/yd2)x.1({ft)
2000(1b/ton)

= 79,359 Btu/yd?

355
79,714

+ crush and grade recycled material: 0.2(1774)

Total Energy for Recycling Operation

Cold mix 49,151
Hot mix 79,714
128,865 Btu/yd?2

128,865 (Btu/yd2) + [191 (Btu/yd2/mile) x haul distance]

Energy Analysis Alternative 2

The energy factors in this analysis are based on the same
factors cited for the recycled hot mix.

Btu/ton
Crush and grade aggregate (D4.3) 40,000
Plant generator (D4.3) 11,660
Burner fuel (Ref, 1) 221,400
Peripheral plant operation (Ref, 1) 63,980
Asphalt (6%)
3.14x107 (Btu/ton) x .06 = 1,884,000

Grading, paving and compaction 17,700
2,238,740 Btu/ton

2,238,740(Btu/ton)x135(1b/Ft3)x9(ft2/yd?)x0,15 ft
2000 {1b/ton)

= 204,005 Btu/yd?
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Transpbrtaiion

2,096(Btu/ton/mile) 135(1b/ft3)x9(ft2/yd2)x.15(ft)
2000(.1b/ton)

= 191 Btu/yd¢/mile

Total Energy for QOverlay

204,005 (Btu/yd?) + [191 Btu/yd?/mile x haul distance]

Summary

Although both the-reéyc]ing strategy and the virgin overlay
consume approximately the same amount of processing energy,
the summary table indicates that recycling does conserve a
considerable quaﬁtity of materials energy. Under the partic-
ular scenario we have used here, both alternatives would have
the same transportation eﬁergy'consumption. However, if the
aggregate source'was not immediate1y adjacent to the hot mix
plant and the virgin aggrégate had to be hauled in from a
considerable distance, the energy savings due to recycling

- would be even more substantial.

The results of this analysis may differ somewhat from those
of other authors(i,g,g). This analysis attempted to use as
many'energy factors derived from real world sources(1l) as
possible. Also, this analysis uses an energy value for
asphalt equiva1ed% to the amount of fuel produced if the
asphalt were refined into fuel products, rather than using
the total heating value of asphalt(8) or the {(much Tless)
amount of energy required to heat and store asphalt (Ref. 3).
See Appendix G, |
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It must be emphasized that the energy quantities presented
in the summary table are only valid for the specific mix
design, placement thickness and construction methods assumed
for this project. Every project should be analyzed on an

individual basis.,
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Processing

.Materia1s

Hauling

e

‘Energy.Summary in Btu/yd?

Alternative 1
. : Cold Mix Hot Mix
Operation 0.2 ft 0.1 ft Recycle

Alternative 2
New Overlay

128,900 + 191 x HD

*HD = Average Haul Distance (mi)

D-15

0.15 ft
Cold Milling 6,480 1,620 8,100
Crush and Grade
Milled Material 1,419 355 1,774
Mixer, Paver Equip. 1,847 1,847
Crush and Grade :
New Aggregate 1,215 1,215 3,645
Plant Generator 885 885 1,063
Burner Fueﬁ% ' 13,450 13,450 20,175
Peripheral Plant
Operation ; 3,887 3,887 5,830
Grading, Paving .
and Compaction 312 1,075 1,387 1,613
10,058 22,487 32,545 31,741
Emulsifier: 39,093 39,093
Additional Asphalt 57,227 57,227 171,680
| k39,093 57,227 96,320 171,680
Transporta&ion HD x 191 HD x 191 HD x 191
* 7 HD x 191 HD x 191 HD x 191

203,400 +191 x HD
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D4 " AC Recycling Energy Factors

Table D-1

Section & S Reference
4.1 Pavement Removal '
Heater Planer 19,000-30,000 Btu/yd-3/4 in GRS
Heater Scarifier 10,000-20,000 Btu/yd-3/4 in GRS
Hot Milling 5,000-9,000 Btu/yd in GR5
Cold Milling 700-2,500 Btu/yd in GRS
Cold Milling 2,700 Btu/yd in GR1

" 4.2 Cold Mix Operations

Mobile Mateérial Elevator 8,200 Btu/ton GR1

Screen Material 480 Btu/ton GR4

AC Crushing:(same as 2,200 Btu/ton GR4
pug mi1]ihixing)

Traveling Mixing Plant 3,200 Btu/ton GR3

Paving - : 3,800 Btu/ton GR1

Rolling 130 Btu/yd2 4n GR3

4.3 Hot Mix Operation

Crush, Grade Aggregate 16,000-75,000 Btu/ton GR3
Plant Generator Energy 11,660 Btu/ton GR4
Burner FueTi : 221,400 Btu/ton GR1 |
Peripheral Plant Operations 63,980 Btu/ton GR1

Grading, Paving, Compacting 17,700 Btu/ton GR3
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D5 Commentary

Energy values from Reference 1 represent actual fuel consump-
tion values gathered in the field specifically for a recycling
job, In many cases, they include peripheral equipment energy
for such items as pickups, sweepers, water trucks, grease
trucks, etc., and therefore are more representative of realis-
tic operating conditions. Energy values from References 2, 3
and 4 are primarily based on theoretical assumptions due to
the general lack of empirical data. A1l energy values have
been adjusted to include the refining energy necessary to
produce the fuel used in the equipment.
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LIGHT RAIL TRANSIT ENERGY ANALYSIS




- 4 ‘
This aﬁpehdix é%ntains 5h example energy study for a Tight
rajl transit (LRT) project. The factors necessary to
perform this analysis and those for heavy rail systems are
shown in Appendices C, D and E,
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El Energy Analysis for Light Rail Transit (LRT)

The energy analysis for a light rail system has many simi-
larities to that of a highway project. It involves the
comparison of the "build" and the "“no-build" alternatives.

The construction of a light rail system has both positive
and negative effects on the transportation energy consump-
tion. A positive effect is that where no non-roadway
system previously existed, the majority of the LRT
ridership wili be attracted from people who formerly used
bus or auto as their primary means of transportation. In
some situations, the bus riders will be forced to use a
combination of bus and rail system because the bus will no
longer parallel the rail system to the same destination.

As a result of this modal shift, the average daily vehicle
“miles traveled (VMT) by auto and bus should decline, there-
by saving fuel, This decline in VMT wouid also result in
1ess~congeétion on the highways, thus reducing the direct
energy demands of other vehicles as well. This reduction
in direct energy consumption must be balanced against the
negative effects of the energy consumed by constiruction and
maintenance of the LRT system. Manufacturing, maintaining
and operating the light rail vehicles will also consume
additional energy.

With the no-build situation, there are both positive and
negative effects to be considered. There is no initial
construction energy expended; however, the VMT will con-
tinue to increase with congestion increasing accordingly.
The existing roadway system may eventually have to be
renovated to meet future traffic demands.
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Due to the numé%ohé assdhptions required for a study of
this type and the uncertainty of.vehicle performance and
modal shifts in the future, judgment must be exercised in
interpreting the conclusions and results presented. The
quantitative values presented should be viewed as a state
of the art estimate of future energy use.

E2 Example Liﬁht‘Rail Transit Energy Study

To meet transportation demahds, a large metropolitan city
is considering either increasing its existing bus fleet or
instituting a new light rail system and renovating its
existing bus sjstem.

A1ternativ¢ 1. Build

It is proposedffo construct an integrated LRT-bus system in
two major traffic corridbrs of a city. Light Rail Vehicles
(LRV) will prov%de line-haul service in the two corridors
to the downtown area, The LRT system will include 24.3
miles of track (including 5.4 miles of double track) and 27
stations. Three stations in each corridor will be
coordinated with the Regional Transit Bus (RTB) System so
as to provide an efficient mixed mode transit option. In
addition, about half of the stations will include lighted
parking space. 'LRV's will be powered from an overhead
catenary system supplied from 20 one-megawatt substations
located at approximately one-mile intervals. LRV's will be
double-ended and able to operate alome or in trains up to
four vehicles in length. The vehicles will seat between 65
and 75 peréons'with ¢crush load capacity of 180 passengers.
A11 will be eqdipped with heating and air conditioning.
Most of the line will occupy existing railroad right-of-way
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and make use of existing structures to cross surface arteri-
als, The existing bus system will require 6 million dollars
to renovate its maintenance facility.

Alternative 2. No-BuiId_

It is proposed not to construct a LRT system, but to expand
the existing bus service, The bus maintenance facility will
have to be expanded at a cost of 14.4 million dollars.

Currently, transportation alternatives available to the
city's residents are almost exclusively dependent on the
petroleum industry for energy. This energy is basically in
the form of gasoline and diesel fuels for autos, trucks,
buses and trains., The proposed LRT System offers residents
a new mode of travel and one that is not totally dependent
on petroleum. It will use electrical energy for propd]sion
that will be supplied from the national electrical grid
which produces its electricity from hydro, nuclear, coal,
gas, petroleum and other sources.

This study investigates direct (propulsion) and indirect
(nonpropulsion) energy uses for the build and no build situ-
ation., It uses the best obtainable or estimated values faor
the project.

The following table (Table 1) identifies those areas which
have been determined to have an effect on the net energy
analysis of 'a build situation. This report is separated into
direct and indirect energy components and the analysis
investigates each component individually.
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TABLE E-1

SUMMARY TABLE OF ENERGY ANALYSIS

1, Birect
A, fAutos
B. ‘Transit bus

C. LRV
2. Indirect

A, Construction
“*track work
“*structures
“electric substations
““overhead electrical
“*gignals - '
°stations, stops and terminals
*parking
°maintenance facilities (bus and LRV)

B, vManufacturing
~“autos
UCLRY
“transit bus

c. “Maintenance
“cautos
“°LRY
‘transit bus
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For this investigation, the overall conversion efficiency
from a power generation plant to the electrically-powered
vehicles was estimated to be 27.4 percent. This efficiency
factor includes typical estimates for losses due to genera-
tion of electrical power, transmission of electricity
through electrical networks to LRT substations and -conver-~
sion of alternating current to direct current (AC/DC).

The average efficiency for all electrical power generated
in the United States in 1980 was 31.5 percent. Similarly,
the average electrical transmission efficiency for this
period was 91.6 percent(l}. Older methods of AC/DC conver-
sion produced efficiencies ranging from 85 percent to 95
percent, while the efficiency of newer methods of conver-
sion ranges from 93 percent to 97 percent. This analysis
assumes a 95 percent AC/DC conversion efficiency.

Together they result in a combined efficiency of 27.4
percent, which requires the expenditure of 12,458 Btu to
produce 1 kwh, This conversion is used in the following
calculations for direct and indirect electrical energy
use.

It is worthwhile noting that a large portion of the elec-
trical power used by a light rail system is consumed in the
late afternoon and early evening., This is the p.m. rush
hour peak where the LRV and their air conditioning units
will be operating at full loading. 1If the LRT system is
set up in a utility district with limited generation
capacity, this additional p.m. peak power consumption may
induce brownouts in the surrounding residential communities
{(public transportation systems are usually given highest
priority during a brownout). Alternately, this additional
power consumption may cause the utility to purchase load



‘matching geneﬁéﬁiOn units to be used only during these p.m.
-peaks. Such units are usually relatively inexpensive but
fuel intensive — such as gas turbines without waste heat
recovery — and may have generation efficiencies of only
around 20 percent. If a sizable portion of the LRT operat-
ing energy is generated from such low efficiency load
matching units, then the overall electrical conversion
efficiency used in the energy calculations should reflect
this,

In determining ‘and comparing total energy usage between
alternatives, it is important to base comparisons on
systems provid{ng equivalent services., In the case of a
person commuting to work by automobile, his energy
consumption begins the moment he starts his engine at his
home and ends when he arrives at his parking location at
work, Assuming -he then walks to his work location, his
total modal energy consists entirely of gasoline to propel
his car to work. g

In contrast, a?perSon commuting to work by light rail, in
most caées, is‘tonfronted with the problem of initially
getting to the LRT station. In some cases, the commuter is
able to walk or ride a bicycle and expends little or an
unmeasurable amount of energy. In most cases, he will be
transported by a car, bus or some other motorized vehicle.
If he then walks to his work location after traveling on
the LRT system; his total modal energy would consist of a
portion of the LRV propulsion energy and also the energy he
used to get to the LRT station. The portion of energy re-
quired to move LRT passengers to LRT terminals is termed
“access" energy. If he used energy going from the terminal
to his work location, it would be termed "egress" energy.
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In comparing total modal energy, the energy used for
access and egress must be considered. Vehicle miles
traveled for access to each mode are included in total
modal VMT figures which are presented in Tables 3 and 4.

The LRT construction energy was estimated from best avail-
able preliminary information on the system. A lack of
detailed information precluded a thorough process analysis
for the entire system. Instead, most of the energy calcu-
lations were performed using preliminary cost estimates
(including 20 percent contingencies) and dollar to energy
conversion factors for the various construction items
(Appendix C). For some items, such as track work and
overhead é]ectrica] wiring, a process analysis approach was
used,

The construction energy for the LRT system includes the
manufacturing energy of the materials and the direct gnergy
necessary to transport and place those materials.

The construction energy does not include direct energy used
by the work force to commute between home and work. It is
assumed that the work force would be working elsewhere if
not on LRT construction work. At any rate, the work force
energy is estimated towbe about 1 percent of total
construction energy., {Assuming 200 persons, traveling 20
miles per workday, at 20 mpg, for 1-1/2 years.)

Due to difficulties in making accurate projections of
future conditions, an analysis will be made for one "typi-
cal year" and exirapolated over the entire life of the _
project (50 years). This *"typical year" is the year 2000.
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- E2.1 birgbt Energy

Although total energy requirements of a transportation
system include -both direct and indirect components, the
single most impoftant factor is direct vehicle (propulsion)
energy. This Eomponent can account for up to 60 percent of
total system energy. Private auto consumption alone can
account for over 90 percent of the total direct energy.
Therefore it is critical that these components be assigned
values that aré as reliable as possible. Values of vehicle
operating intensity are presented in Table 2.

Automobile fleet average fuel efficiency of manufactured
vehicles as mandated by Congress in 1975(2) must increase
from the 18 mpg in 1978 to 27.5 mpg by 1985. Fuel economy
should rise above 27,5 ﬁpg beyond 1985 and federal esti-
mates indicate that by the study year 2000, the on-road
fleet average will reach 33,04 mpg. The on-the-road fleet

is comprised mostly of less efficient vehicles from previ-
ous years as well as new manufactured vehicles.

Projected bus bperating-energy intensity is not expected to

vary considerab1y from today's values and is used without
adjustment, '
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TABLE E-2

ON ROAD VEHICLE PERFORMANCE!

Fuel
Economy

Vehicle {mpg)
Automobile

1980 14,24

1985 18.27

2000 33.04

Advanced Design Bus (ADB) 3,77

Articulated Bus (ART) 3.04

l(Appendix C)

A computer model(3) has been developed to predict the
operating energy intensity of current LRT vehicles. Base
level performance of a new LRV were predicted with the
model to within 5 percent of manufacturers specifications
so the model is considered to be accurately validated.

The direct energy consumed to operate a LRV is primarily
dependent on four key parameters: weight, acceleration
rate, top speed, and station spacing., A typical LRV was
used in this analysis, Figure E-1 presents the important
characteristics of a typical LRV under assumed operating
conditions.
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A Targe macroscale traffic assignment computer model was
used to determine travel characteristics in the entire
metropolitan area. VMT for the build and no-build alterna-
tives includes travel by autos, light and heavy trucks and
motorcycles, It is assumed that only autos and motorcycles
are influenced by a build alternative and therefore all
variations in VMT can be attributed to these two modes.

The Caltrans model assigns motorcycles only one percent of
total VMT figures which would prove negligible in the over-
all energy picture. Because of their negligible effect,
motorcycle VMT is included with the auto VMT.

Table E-3 shows reported daily auto vehicle trips which are
then adjusted to provide daily VMT. Dividing the VMT by
the auto fuel economy rate of 33,04 mpg gives daily auto
gasoline consumption, These values are then adjusted to
reflect daily consumption over the year 2000. Final values
are reported in equivalent Btu,

Calculations
Automobile direct energy consumption
No-Build:

24,662,220 miles/day x 290 days/yearlx 143,700 Btu/gal

= 9
33.04 miTes/gal 31,106 x 107 Btu

Build:

24,653,530 miles/day x 290/days/year x 143,700 BTU/gal

- 9 ot
33.04 miles/gal 31,095 x 107 Btu/yr

1 an average value of 290 days/year was used to reflect a
5 1/2 day week plus the addition of some holidays.
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" TABLE E-3
AUTOMOBILE DIRECT ENERGY CONSUMPTION

Annual Auto Energy2
Daily Auto Consumption

Daily Auto Daily Autol  Gasoline Gasoline Equiv.Btu
Alternative Vehicle Trips VMT Consumption 6 9

(trips) {miles) {gal) (9a1x10%)  (Btux107)
No Build 2,838,000 24,662,220 896,808 260,07 37,372
Build - 2,837,000 24,653,530 896,492 259.98 37,359

l_vehicle trips times 8.69 miles/trip factor(5)
2_paily auto gallons times 290 days/year

A procedure §imf1ar to the one applied to autos was also
applied to buses. Unlike autos, the bus VMT can be more
accurately predicted and is therefore reported directly in
annual YMT, The bus results are presented in Table E-4.
The bus consumption rates are presented in Table E-2.

Calculations
"No-Build":

Articulating Bus (ART)

2,150,960 milés/year x 147,600 Btu/gal
3,04 miles/gal

= 104.435 x 107 gtufyr

Advanced Design Bus (ADB)

5,531,040 miles/year x 197,600 Btu/gal
3,77 miles/gal

= 216.547 x 109 Btu/yr

321 x 102 Btu/yr

Total
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Build:

Articulating Bus (ART)

1,140,224 miles/year x 147,600 Btu/gal

5,566,976 miles/year x 147,600 Btu/gal

3.04 miles/gal
Advanced Design Bus (ADB)

3.77 miles/gal

TABLE E-4

BUS DIRECT ENERGY CONSUMPTION

273 Btu

= 55,361 x 109 tu/yr

= 217,95 x 109 Btu/yr

Annual Bus Energy

Bus Annual Busl Consumption

Alternative Type VMT Diesel Equiv. Biu
(miles} (gaTTons) (Btux10Y)
No-Build ART 2,150,960 707,553 104,435
ADB 5,531,040 1,467,119 216,547
Total 7,682,000 2,174,672 320,982
Build ART 1,140,224 375,074 55.361
ADB 5,566,976 1,476,651 217.954
Total 6,707,200 1,851,725 273.315

1_(Ref. 4)
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The use of aﬁeﬁige values for car and bus fuel efficiency
is justified by the fact that the fleet size is very large.
Individual differences in vehicle fuel consumption will
tend to cance]sput to produce one "system" average. By
contrast, LRT §ystems are small enough that individual dif-
ferences in the system can cause large differences in their
average consumption., Table E-5 shows an example of the
wide range of values reported for LRT systems compared to
>the reiatively small range for buses and cars. Because LRT
propulsion energy is so dependent on the specific operating
conditions of the LRT system, considerably more effort was
expended in quantifying this value.

TABLE E-5

AVERAGE MODAL ENERGY INTENSITY

Mode Btu/Vehicle Milel
Auto - 10,400-11,100
Vanpootl. 13,900-17,900
Bus 26,100-32,900
Light Rail 50,000-100,000
l1_{(Ref. 5)

It has been found that a princfpa] factor in the large
variability of reported energy use for LRV's is their high
system dependeﬁty. As the station spacings for the system
is reduced, the energy required for propulsion per vehicle
km increases (Figure E-1). This provides for a vehicle
intensity which can vary considerably throughout the system
even for the same vehicle. The Caltrans LRT computer
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model(4) was used to simulate the system under an average
weekday passenger Toad {(Table E-6). This model assigns
passenger loads throughout a typical weekday according to
both passenger demand and the availability of LRV's, It is
therefore possible to account for varying LRV intensity
throughout the system for a normal weekday operation of 16
hours. The model determines total energy consumption in
Btu for a typical weekday. It also includes energy re-
quired for deadheading operations {nonrevenue type) between

the vehicle storage facility and the starting or finishing

station.

TABLE E-6

LIGHT RAIL VEHICLE DIRECT ENERGY CONSUMPTION

Weekday Electricall Annual Electrical? Total Annual3 Annual?
Compqnent Consumption Consumption System Consumption YMT
Corridor (kwh) (kwhx106) (Btux109) (miles)
North Area 6,973 2.02 25,19 303,880
East Area 8,028 2.33 29,00 349,860
Downtown 4,834 1.40 17.46 210,660
Deadheading 967 4.28 3.49 42,140
Total 20,802 6.03 75.14 906,540
1

~-Values obtained from Caltrans LRT Simulation model.
2-Neekday values times 290 equivalent weekdays/year,
3_Summation of North Area, East Area, Downtown, and Deadheading values

muitiplied by 12,458 Btu/kwh to account for generation, transmission
and AC/DC conversion losses.

4_Based on 3,126 LRV miles/weekday as determined by the LRT model and
290 days/year.
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Table E-7 presénts a summary of all the direct energy for
both the build and no-build alternatives.

TABLE E-7

SUMMARY: DIRECT ENERGY CONSUMPTION

Annhd] Annual Annual
Vehicle Bus LRV
Alternate  Consumption Consumption Consumption
(Btux109) (Btux109) (Btux107)
No Build = 37,372 321 -0-
Build ‘ 37,359 273 - 75.1
Change From 13 . 48 -75.1

No-Build

E2.2 Ind{rect Energy

The energy provided for construction of the build alterna-
tive constitutes the largest fraction of the total indirect
 energy required'for the LRT system., This energy is expen-
ded only once and prior to revenue operations. Therefore,
for comparison purposes, an amortized value is used for the
year 2000 analysis. A project life of 50 years is used(5).

For convenience in the analysis, the LRT system was sepa-
rated into eight components as shown below:
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Item
°Track Work
°Structures
°flectric Substations
*Overhead Electrical
°Signalling '
°Stations, Stops and Terminals
*Parking
°*Maintenance Facilities

Track Work

The 18.9 mile long project will have approximately 13.5
miles of single track and 5.4 miles of double track. The
total amount.of track miles is 24.3.

The track alignment either follows existing railroad right-
of-way or is located on city streets. It is assumed that
very little grading will be necessary. Excavation and
breaking of existing pavement will be necessary for a 6.6
mile section on city street right-of-way, of which 3.4
miles will be repaved after placement of the track.
Assuming excavation and breaking of pavement to take the
same energy as excavation of soft rock (Appendix C) and the
excavﬁtion to be 10 feet wide, 3 feel deep, the amount of
energy required per track mile (based on 24.3 miles) =
1.0x108 Btu., Repaving 3.4 miles will use approximately
4.0x108 Btu per track mile. These small amounts were
absorbed by the "10% Miscellaneous" and the "30% Placement
Energy" in the Track Work Construction energy analysis.
Details are provided in Table E-8.
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A plécéméntﬂznérgy of 30 percent of the materials energy
was assumed. Various reports and papers(z,g) set this
value from 30 to 35,7 percent. The latter value was for
constiruction of the heavier BART rapid rail track. Since
this LRT system is lTighter and will be mainly on existing

railroad right-of-way, the lower figure of 30 percent was
used for placement energy.

TABLE £-8

TRACK WORK CONSTRUCTION ENERGY

, 3 Density Process Energyz Item Energy

Item _ Ton/TMl (Btu/Ton) (Btu/TMlxlog)
Rails - . 201 (113 1b/yd) 3.98x107 8.0

Gravel Ballast 3,960 (100 1b/ft3) 4,8x104 .

Timber © 152 (32 1b/ft3) 2,13x107 3.2
Subtotal . 11.4
10% Miscellaneous 1.1
Subtotal Materials - 12.5
30% Placement Energy _3.8
Total | 16.3

LM Track Mile, fﬁbm Reference 7
2 (Appendix G)
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Structureé

The total structural cost amounts to $15,272,000 (1982
dollars)., A ratio of %l%%%%%%%%% was used to convert the
cost into 1973 dollars (Appendix C). The dollar-to-energy
conversion used for structures was 5,01x10%4 Btu per 1973

dollar (Reference 9). Total structures energy amounted to:

%4%%%%%%%%% x $15,272,000 x 5.01x10% Btu/(1973$) = 2.782x1011gtu/1982%

The structures energy per track mile is:

11
2,782x10 (BtU/1982$) = 11,4x109 Btu/1982%/track mile
24.3 track miles

Electric Substations

Preliminary cost estimates for the one megawatt (MW) sub-
stations are $300,000 each, Twenty substations are planned
to be built for $6,000,000 total. In the absence of
further details, it was assumed that 10% of the total cost
was for construction of the concrete slab, walls and roof.
The remaining 90% of the cost was assumed to be for the
electrical equipment, mainly the transformer,

Using dollar-to-energy conversions for the structure
(housing) of 5.01x10% Btu/(1973%) (Reference 9) and for
transformers(9) of 8,00x10% Btu/(1973%), a weighted con-
version factor was calculated as follows:

(0.10 x 5.01x10% Btu/$) + {0.90 x 8,00x10% Btu/$) = 7.70x10% Btu/{1973%)
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Energy 'for the 20 substations was calculated as follows:

%4%%%%3%%§% x $6,000,000(19828) x 7.70x10% Btu/(19738) = 16.80x1010 gty.

__16.80x1010 gty _ 9 :
Energy = 57— frack miles - 6,91x107 Btu/track mile

The energy fohﬁsuppTy lines was estimated and added to the
substation enngy. Preliminary quantities showed the need
for 21,850 1f @ $47/ft for the entire project, or $42,261
per track mile. Cost of the overhead electrical distribu-
tion system was approximate]y $19/ft or $100,320 per track
mile. Energy was calculated at 2.8x109 Btu per track

mile of overhead electrical distributions {(Table E-9).
Assuming a diréct proportion between cost and energy, the
supply line energy per track mile was calculated as follows:

122201 2,8x10% Btu/TM = 1.8x107 Btu/TH

»

Substation Energyr= (6.91+1.8)x109 = 8,71x10% gtu/T™
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TABLE E-9

OVERHEAD ELECTRICAL DISTRIBUTION SYSTEM

' Densitx3 Process Energy2 Item Enperg
Ttem (Ton/TM1) (Btu/Ton) (Btu/Tud xlOg
Trolley Line 5,34 1.39x108 0.7
Feeder Lines 7.98 1.39x108 1.1
Cross Street
Suspension (Catenary) 2,66 6.67x107 0.2
Subtotal 2.
10% Miscellaneous ‘ .2
Subtotal Materials 2,2
30% Placement _sb
Total 2.8

1 tM: Track Mile
2 (Appendix C)
3 (Ref. 7)

Signé]s

The total cost estimate for signals was $9,102,000 (1982%).
This amount includes the following ijtems:

Track Circuits

-Impedance Bonds

Signal Power Supply

Wayside Indication Apparatus
Grade Crossing Protection
Turnout Controls

Traffic Control Modifications
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The dollar to energy conversion factor used was
2.1079x10% Btu/(1973%) (Reference 9). Total energy
needed for construction of signals is:

IR ot} x $9,102,000(19828) x 2,1079x10% Btu/(19738) = 6.98x10%0 gt

6,98x1010 gty

Energy per track mile: = o= tles

= 2.87x109 Btu/track mile

Stations, Stops and Terminals (without parking)

Three types of passenger facilities are proposed: shel-
tered, unsheltered and terminals. From preliminary cost
estimates, the following inferences were drawn about the
distribution of the three types of stations:

a, Six downtown stops @ $12,000 each = $72,000,

These stops will consist of concrete platforms without
shelter.

b. Ten other central city stops @ $73,000 each =
$730,000. At this cost, the stations were assumed to have
some sort of shelter.

c. Nine outlying area stops @ $715,000 total These
stations will also have shelters.

de Two términa1s.
(1) North Corridor = $1,290,000

(2) East Corridor 1,000,000
; Total = $2,290,000

It

e, Faci1ifies for handicapped and elderly persons,
total = $1,250,000,
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The total estimated cost for the above items = $5,057,000
(1982%). This amount was converted into energy using the
dollar to energy conversion factor for structures(9). The
total energy for the 27 stations, stops and terminals was
calculated at:

14%%%%%%%%} x $5,057,000(19828) x 5.01x10% Btu/(19738) = 9.21x1010 gty

9.21x1010 gty
24.3 track miles

The energy per track mile is = = 3.79x109 Btu/track mile

Parking

The cost of additional parking is $6,425,000 {1982%). A
dollar to energy conversion factor of 6.1615x10% gtu/
(1973%) was used, This factor is for asphaltic concrete
surfacing {Reference 9).

Energy for parking =

1,00(1973%)

m X $6,425,000(1982$) X 6.1615)(104 BtU/(1973$) = 1.44)(1011 Btu

1.44x1011 Btu

= 9 .
74,3 track mites - o+o2x10% Btu/track mile

The energy per track mile is =

Maintenance Facilities

The construction energy for the LRY maintenance facility
was divided into three categories; the analysis is pre-
sented in Table E-10., Except for total cost estimates,
information regarding the renovation and building of the
bus maintenance facilities was not available. It is
assumed that the cost breakdown for the bus facilities will
be similar to those in the LRV facility. The ratio of
(4,24x109 Btu/TM, for $6 million facility) found in Table
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E-10 will be used to determine the construction energy
required for the bus maintenance facilities. Details are
found in Table E-11,

TABLE E-10

LRV MAINTENANCE FACILITY CONSTRUCTIUN ENERGY

Energy
“ Conversion Energg
Item Cost (1982$) Cost (1973$)! Btu/(1973%) (Btux109)
Shop Building . 2,000,000 727,273 5.01x104 36.44
Shop Equipment? 1,280,000 - 6.00
Storage Yard * 2,700,000 981,818 6.1615x10% 60.49
Total 5,980,000 102,93

102.93x109 Btu/24.3T3 = 4.24x109 Btu/TM

1.00{1973%)

1 ‘ +
1982 Fo 1973 dollar conversion 2.75(1982$)(19)

2 The shop equipment energy was estimated from a Toronto bus garage(7)
at 6.00x10% Btu

3 M = Track Mile.
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TABLE E-11
BUS MAINTENANCE FACILITY CONSTRUCTION ENERGY

Facility Costl ‘ '
(Dotlars x 109) Total Cost? Energys
Alternative Renovation New N,E. Facility Cost Ratio (Btu/TMxlOg)

No-Build 6.0 8.4 14.4 2.4 10.18
Build 6.0 -0- 6.0 1.0 4,24
1 (Ref. 11)

2 no-build 14,4/6,0 = 2,4; build 6.0/6.0

1.0

3 Energy numbers obtained by multiplying cost ratio by (4.24x109 Btu/T™)
for the LRV maintenance facility found in Table E-10.
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In Tabie'E-fﬁ'below,‘B sUmmary of the construction energy
is presented.

TABLE E-12

© SUMMARY: CONSTRUCTION ENERGY

: Energy
Build x 10° No-Build x 10°
Item ~ Btu/TM Btu Total Btu/TM Btu Total
Track Work o - 16.3 396.1
Structures ‘ 11.4 277.0
Overhead Electrical System 2.8 68.0
Electric Substations - 8.7 211.4
Signalling ) ‘ 2.9 70.5
Stations, Stops & Terminals 3.8 92.3
Parking . 5.9 143.4

Maintenance Facilities: LRY . 4,22 102.1
Bus 4,23  102.1 10,23 247.9
_'Tota] 60.2 1462.9 10,2 247.9

1 1M = Track Mile, based on 24,3 track miles
2 From Table E-lOi
3 From Table E-11

E-29



Manufacturing and maintenance energy required to construct
and maintain autos, buses, and LRV's are included in the
report, This energy is implicitly associated with any
transportation mode and its effect on total energy should
be identified. Energy intensity for vehicle manufacturing
and maintenance is presented in Table E-13. These values
are tabulated as Btu per vehicle mile, This study is being
evaluated for the study year 2000, VMT figures for each
vehicle type, autos, buses and LRV, are presented in Tables
£E-3, E-4 and E-6, respectively. Table E-14 presents total
annual energy consumed by vehicle type for vehicle manufac-
turing and maintenance in Btu.

TABLE E-13

VEHICLE MANUFACTURING AND MAINTENANCE ENERGY INTENSITY

Manufacturing1 Maintenance1
Total Energy Energy
Usable Life Energy Per Mile Per Mile
Vehicle {miles) {(Btu) {(Btu/mile) (Btu/mile}
Automobite 100,000 141x10% 1,410 1,400
Bus 300,000 1,041x100 3,470 13,142
LRV 1,240,0002 2,614x10%  2,1083 7,0603

l_caltrans Vehicle Manufacturing Computer Program (Appendix C)

2.30 year usable life/car_x 142.5 car miles/weekday x 290
weekdays/year = 1,24x10% miles

3_(Ref. 12)

E-30



* TABLE E-14

VEHICLE"MANUFACTURING AND MAINTENANCE ENERGY!

Annual'Manufacturing Annual Mainténance
Energy Energy
| (Btuxi09) (BtuxI0?)

Alternative Auto Bus LRV Auto Bus LRV
No-Build 10,084 26,66 -0- 10,013 100.96 -0-
Build 10,081 23.27 1,91 10,009 88.14 6.4
Change '
From B ,
No-Build . 3 3.4 -1.9 4 12.8 -6.4

(1) Annual energy figures obtained by multiplying appropri-
ate VMT figures by respective intensity from Table E-13.

Table E-15 presents a summary of all the indirect energy
for both the build and no build alternatives.

- TABLE E-15

SUMMARY: INDIRECT ENERGY CONSUMPTION

Annuaj1 Annual? Annual?
Construction Manufacturing Maintenance
- Energy Energy Energy
Alternative:  (Btux109) (Btux10?) (Btux109)
No-Build 5.0 10,111 10,114
Build 29.3 10,106 10,104
Change From- '
No-Build . -24,3 5.0 10.0

l_From Table E-12 amortized over 50 years
2_Symmation of Auto, Bus and LRV values from Table E-14
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Totals of direct and indirect energy for both the build and
‘no-build alternates are presented in Table E-16 below.

TABLE E-16

SUMMARY: DIRECT AND INDIRECT ENERGY CONSUMPTION

Alternative Direct Energy1 ~ Indirect Energy2 Total Energy3
Btux109 (BOE/day) Btuxl0® (BOE/day) Btux10? (BOE/day)

No-Build 37,693 17,805 20,230 9,556 57,923 27,361
Build 37,707 17,812 20,239 9,560 57,946 27,372

Change From _
No-Build -14 : -7 -9 -4 -23 -11

1_summation of Direct Energy consumption from Table E-7
2_Summation of Indirect Energy consumption from Table E-15
3_Summation of Direct and Indjrect Energy

In summary, the LRT system will cost a negligible 23
billion Btu (11 BOE) in direct and indirect energy for the
study year 2000,
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" E3 Personal R?pi& Transit (Light Mass Transit) Fuel
Consumption

TABLE E-17

CHARACTERISTICS AND POWER RATING OF SELECTED OPERATIONAL SYSTEMS

Seats [Standing] Rated wt/Seat Avg. Speed

(Moving stairway)

Energy
System per car hp/Seat Tons MPH Consumption

N.Railbus 75 1,33 .13 25 NA
(San Diego Zoo) ;
Airtrans 16 [24] 4,69 .34 12 1.4 kw/veh-mi
(Dallas Airport)
Minirail 12 : 0.78 .05 8 NA
(Montreal) _
K Monorail 12 0.42 N.A. 25 NA
(Lancaster, PA)
Skybus 12 [90] 8.33 1.06 15 NA
(Tampa Airport) S
Jetrail 6 [4] 1.67 N.A. 30 NA
(Dallas Airport) '

"~ Peoplemover 4 2.5 .08 4 NA
(Disney]ahd) |
ACT 10 [20] 12.0 .64 20 NA
(Ford Motor Co.) |
StaRRcar 8 [13] 12.5 43 22 2 kw/veh-mi
(Morgantown, W.VA) |
Speedwalk* [200+] 0.23* 30%* 1.4
(Moving sidewé]k)
{L.A. Airport)
Escalator* NA - 0.3% NA 1.4 NA

. Reference 19

*Standees only in this system
~**Values are: 30 pif (44.6 kg/m)
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E4 Direct Fuel Cbnsumption of Trains - General

FUEL CONSUMPTION PER THROTTLE POSITION

TABLE E-18

"Throttle Position

Diesel~Electric , Dynamic
Locomotive 8 7 6 5 4 3 2 1 Idle Brake
EMD SW1000-1000HP 60 50 40 31 22 13 6 5 3 -
EMD SW1500-1500HP 93 80 62 52 39 25 12 6 4 -
EMD GP/SD7-1500HP 93 75 60 46 34 23 14 6 4 -
EMD GP/SD9-1750HP 108 8 68 52 37 24 13 5 4 -
GE U18B-1800HP 103 8 72 56 42 24 16 11 4 20
EMD GP20-2000HP 116 8 69 55 42 28 14 4 -
EMD GP/SD38-2000HP 122 103 83 64 47 31 16 5 25
EMD GP30-2250HP 125 102 75 61 45 31 19 4 -
GE'U23B,C—2300HP 112 92 8 64 48 27 17 12 4 20
EMD SD24-2400HP 144 106 81 61 44 30 18 6 3 -
EMD GP/SD35-25Q0HP 144 124 96 72 51 35 21 11 b -
EMD GP-SD40-3000HP 168 146 108 79 57 41 25 7 6 25
GE U30B,C-30004P 149 127 102 81 62 34 22 16 5 26
GE U33B,C-3300HP 163 138 110 87 65 36 23 16 5 26
GE U36B,C-3600HP 177 150 119 94 69 39 24 16 5 26
EMD SD45-3600HP 194 172 127 92 68 48 28 10 6 25

Reference 13

Diesel Fuel Consumption Rate:

gallons per hour
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TABLE E-19

TYPICAL DAILY LOCOMOTIVE OPERATION - Diesel Electric

Throttle Delivered Operation  Consumption Rate

Position  Horsepower (Hours) Gal/Hr
8 ‘ 3100 3.6 158
7 2550 1,0 146
6 2000 1.0 108
| 5 1450 1.0 79
e 4 950 1.0 57
3 500 1.0 4]
2 200 1.0 25
1 58 1.2 7.5
Idle 0 12.0 5.5
Dyn.Brake’ 1,2 25

Referencé?13 B

TABLE E-20

HORSEPOWER REQUIREMENTS FOR ASCENDING GRADES
Additional horsepower required for gross elevation changes in the track.

“Gross Elevation Additional

- Change- Horsepower
Feet/Mile (Metres/km) Required
0 {0) 21%
+ 5 (0.95) 52%
10 (1.89) 82%
15 (2.84) 113%
20 (3.79) 144%
25 (4.73) 174%
~.30 (5.68) 205%
35 16.63) 236%

Reference 14
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TABLE E-21

FUEL CONSUMPTION PER HORSEPOWER-TO-WEIGHT RATIO

Relatively Mountainous Territory

1,0 Horsepower/Trailing Gross Ton

Max MPH Avg MPH
70 30.9
60 30.6
50 29,7
490 28.0

1.5 Horsepower/Trailing Gross Ton

70 37.6
60 37.2
50 35.6
40 32.5

3.0 Horéepower/Trai]ing Gross Ton

70 47,0
60 44,3
50 40,3
40 35.6
4.0 Horsepower/Trailing Gross Ton
70 49.8
60 46.3
50 41.4
40 36.0

5.0 Horsepower/Trailing Gross Ton

70 NA
60 NA
50 NA
40 NA

E~-36

Diesel Fuel Consumption
GNP

8.28
8.09
7,81
7.56

9.33
8.88
8.43 .
8,06

10.42
9.72
9.08
8.53

12.28
10.91
9,77
9.08

14,29

11.9

10,47
9.92



TABLE E-21 (Continued)

FUEL CONSUMPTION PER HORSEPOWER-TO-WEIGHT RATIO

6.0 Horsepower/Trailing Gross Ton

8.0 Horsepower/Trai1ing Gross Ton

10,0 Horsepower/Trailing Gross Ton

70
60
50
40

NA

NA

51.8

47.5

42,1

36.0

NA

NA

16.62
13,74
12,10
11,36

20.8

26,0

References 13, 15
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E5 Direct Fuel Consumption of Passenger Trains
TABLE E-22

FUEL CONSUMPTION OF TRAINS - SHORT TRIPS

Flectric energy 0.17 KWH/seat-mile
[Diesel Fuel Equivalent = 0.013 gal/seat-mile

Reference 17

TABLE E-23

FUEL CONSUMPTION OF SELECTED TRAINS - LONG TRIPS - Diesel Fuel

Distance Propulsion
Route Miles Type gal/seat-mile

Seattle-Havre 903 Diesel-Elec. .009

Atlanta-Wash. 633 Diesel-Elec. 012

New York-Wash. 284 Gas Turbine .010

Chicago-St. Louis - 227 Electric 013*
Referehce 14
*Equivalent diesel fuel

TABLE E-24

WEIGHT PER SEAT OF SELECTED TRAINS

Train Type Gros?oﬁg1ght No of Seats Gross we1$ggsper Seat
Urban 39.5 _ 50-60 0.72
Intercity 525 382 1.37
Intercity 1000 1400 0.71
Std.Diesel 600 360 1.67

Reference 18
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" E6 Direct FuefﬁcdnSumpt%on of Freight Trains
TABLE E-25

AVERAGE DISTRIBUTION OF GROSS TRAIN WEIGHT

Locomotive(s) 11%
Trailing Tare 49%
Net Freight 40%
Réference i3
TABLE E-26

CARGO WEIGHT DEPENDING ON COMMODITY SHIPPED

'2Commodityu Tons/Car

Average 54.1
Metallic Ores 77.3
Non-Met. Minerals 73.5
Coal ‘ : 69.5
Petroleum 55.8
Farm Products 54,3
Wood' Products 48,1
Food- 38.6
Printed Matter . 29.2
Machinery 27.9
Fab. Metal Products 27.4
Leather Products 24.5
Transp. Equipment 22.4
"Textile Products 19.9
Instru., Photography 18.4
Apparel 18.1
Rubber or Plastic 16.4
Misc. Mfg. Goods 15,0
“Electric Machinery 13.7
Furniture, Fixtures. 9.2

Reference 156
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TABLE E-27

FUEL CONSUMED IN NORMAL USE - Diesel

Gross Consumption: 0.0020 gal/gross ton-mile

Net Consumption: 0,0049 gal/net ton-mile

Reference 13
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E7 Diréct.FUelﬁCSnsumpt;on of Rail Mass Transit

TABLE E-28

FUEL CONSUMED IN NORMAL USE

Characteristics and Energy Consumption of Selected Systems

Seats [Standing]

*BART System

**Standee capacity 15 not 1nc1uded in computations

E-41

Rated wt/Seat  Energy Consumed**
System per car hp/Seat Tons Btu/Seat-mi

Std. Commuter 127 [123] 9.5 47 NA
Lindenwold 84 7.6 .39 NA
Toronto 83 [NA] 1.9 .35 860
San Francisco* 72 f72] 7.4 .40 850
Philadelphia 56 [NAT] 5.8 43 1075
Cleveland 54 [NA] 3.4 .51 686
Chicago 51 [NA] 3.4 .41 952
New York 47 [NA] 7.3 .84 1208
Montreal - 40 [120] 3.9 .75 NA
Tokyo "Alweg" 35 [65] 13.3 .39 NA
References 17, 19, ana 20



E8 l.oad Factors
TABLE E-29

‘PASSENGER-RELATED LOAD FACTORS

Rail (conventional and rapid rail transit)

Intercity - 53%
Urban (commuter) ' 18% - 254
Overall (conventional) 37% - 43%

References 14, 21, 22, 23

TABLE E-30

'RAIL TRANSPORT

All cars 57%
Boxcars 67%
Flatcars 69%
GondoTlas 54%
Hoppers 50%

Reference 24
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E10 COMMENTARY

personal Rapid Transit (Light Mass Transit) Fuel
Consumption ‘

General Comments:

Each persona1 (1ight) mass transit system in operation is a
unique, innovative system for transporting people 1in rela-
tively small, light vehicles for short distances. Each has
been specifica11y designed for the service performed, and
most are electric powered. Information in this section is
primarily derived from a report pub]ished in 1973.

Numerous PRT systems are in the conceptual, design, Or
prototype state of development. They are not discussed 1in

this report.

Direct Fuel Consumption of Trains - General

General Comments:

Data presented are based on conventional diesel-electric
locomotives in current service. ~Where applicable, energy
consumption of.electric—powered locomotives has been
converted to equivalent diesel fuel consumption.

Horsepowér Requirements for Ascending Grades

Gross Elevation change is defined in Figure £-12. Some
power reserve js usually required in normal operations and
this is reflected in the case where 2 zero net elevation
change requires 21% more horsepower than a theoretical
level run. - '
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. n
GROSS ELEVATION CHANGE= T a;
i=l

NET ELEVATION cHAnGE = EneT

Figure E-2; Definition of gross ang net elevation
' changetraing

for the Variety of train configurations in Operation.

Pirect Fuei'Consumptioh of Freight Trains

Averagquistribution of Gross Train-Weight
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Values presented are based on 1974 statistics of 10 major
U.S. railroads.

Fuel Consumed in Normal Use - Diesel

Values presented are based on 1974 statistics of 10 major
U.S. railroads. '

Direct Fuel Consumption of Rail Mass Transit

General Comments:

Rail mass transit provides transportation for commuters
within large metropolitan areas. Average speeds vary from
25 mph (40 km/hr) to 45 mph (72 km/hr). Almost all systems
use electric propulsion.

Fuel Consumed in Normal Use

Values presented have been selected from a variety of
sources, some of which deviate considerably from those
selected by the authors. Energy consumption figures for
the Chicago system are based on 1965-1972 statistics of the
Chicago Transit Authority. Energy consumption figures for
the New York system are based on 1961-1973 statistics of
the New York City Transit Authority., 1In both systems, the
annual energy donsumption rates do not vary significantly
from year to year (+2.5%).

Fuel Consumed in Normal Use

Information on fuel or electric consumption was not avail-
able in sufficient detail,.
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" As an aid, thef%011owing”data of system characteristics are
offered:

"N" Railbus: ﬁybber-tired on concrete track, 2 DC traction
motors 50 HP edth; Route Tength 5 miles (8 km); open-air
sight-seeing at the San Diego Wild Animal Park.

Airtrans: Rubber-tired on concrete track, DC traction
motor 75 HP; passenger transport at Dallas-Fort Worth
Airport. ; |

Minirail: Rubﬁér-tired on twin steel I-beams, DC motor,
mu]ti-car‘arranéement. Open-air. Operational at Montreal
(Expo '67), Lausanne, Munich.

"K"-Monorail: Rubber-tired on concrete track, DC traction
motor 25 HP pulls 5 cars (60 seats); Route length 0.5-3.0
miles (.8-4.8 km); sightheeing, Dutch Wonderland,
Ladcaster, Penn§y1vania.

Skybus: Rubber-tired on concrete track, DC traction motor,
100 HP. Passenger transportation at Tampa and Seattle-
Tacoma Airports,

Jetrail: Rubbér-tfred, suspended from monorail beam. 2 AC
motors, 5 HP each. Route length 1.4 miles (2.3 km).
Braniff Terminal, Dallas-Fort Worth Airport.

People Mover: Passive cars roll over powered stationary
rubber tires on concrete and steel track. Electric motors
10 HP each spaced one per car., 4-car arrangement. Route
length .75 mile (1.2 km)., Open-air sight-seeing and
attraction at Disneyiand.
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ACT: Rubber tires on concrete track., 2 DC traction motors

60 HP each, Route length 5 miles (8 km), Proposed for
Fairlane Development, Dearborn, Michigan.

StaRRcar: Rubber-tired on concrete or steel track. AC
induction motor 100 HP. Route length 8 miles (13 km).

Speedwalk: Moving sidewalk of steel-reinforced rubber
belt, Width 3 ft-6 inches (1.07 m). Electric motor 49
Route length 265 ft-1000 ft {81-305 m). Los Angeles
Airport.
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ENERGY FACTORS FOR AIRCRAFTS, SHIPS AND PIPELINES -
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Commentary for Appendix F

F1 DIRECT FUEL CONSUMPTION OF PASSENGER AIRCRAFT

General Comments:

The most common commerical aircraft in current U,S. service
have been selected and classified by type. Primary
examples and available data for each type are given in the
table below.

Examples of Aircraft Type and Characteristics

Jumbo Jet
Boeing 747 — 344,300 1b , 305-460 passengers
Lockheed L-1011 — 237,500 1b, 268 passengers :
McDonnell-Douglas DC-10 - 299,810 1b, 255-270 passengers

Long Range dJet
Boeing 707 — 141,400 1b, 155 passengers
McDonnell-Douglas DC-8 — 150,600 1b, 152-206 passengers

Medium Range Jet
Boeing 727 — 103,720 1b, 103-158 passengers
Boeing 737 — 60,430 1b, 95-109 passengers
McDonnell-Douglas DC-9 — 59,115 1b, 80-114 passengers

Ajr Carrier Turboprop
Convair 580
Electra L-188
Fairchild-Hiller FH 227
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STOL (Short takeoff and landing)
‘DeHavilland Heron
DeHavilland Twin Otter

General Aviation Turboprop
Boeing Super}King Air 200
Piper Cheyenne

General Aviation Piston
Cessna Cardinal

Cessna 120 Skywagon

Cessna Skymaster

Piper Warrior

F1 FUEL CONSUMED AT NORMAL OPERATING MODES (FCANO)

Activities incfuded in each mode are as follows:

Mode
Taxi

Idle

Landing
Takeoff
Approach
Climbout

Engine Operating Times Included in Mode

Transit times between ramp and apron; apron and
runway and d]ignment between taxiway and
runway. "

Push back from gate; waiting for signal to
begin taxiing; waiting at taxiway
intersections; runway queuing; gate queuing.
Touchdown to beginning of taxi on taxiway.
After alignment with runway to 1iftoff.

3000 ft altitude to touchdown.

Liftoff to 3000 ft altitude.

Time speni in each mode is that used by EPA test methods,
and represents average time consumed in normal operations.
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F2 FUEL CONSUMED ASSUMING BEST CRUISING SPEED

Best cruising speed is defined as the fastest sustained
speed of the aircraft on Tong flights. Short trips under
500 miles are usually flown at lower, less fuel-efficient
speeds and altitudes. Airline policies and FAA regulations
determine actual speeds "and altitudes.,

F3 FUEL CONSUMED IN NORMAL OPERATIONS

Figure F3 1is based on 1972 data and reflects actual use of
available in-service aircraft, Aircraft types tend to be
more fuel efficient in some operations than others, but
airTine schedules and availability often require that air-
craft are not matched to routes in the most fuel efficient
Way.

Airline statistics usually give credit for great circle
miles, regardless of the actual distance of the flight
path.

Figure F3.2 shows the deviation between actual fuel
consumption and that calculated from theoretically derived
*ideal" conditions (no wind, no queue, circuity = 1,00),
The average shortfall is 30,2%.

F4 DIRECT FUEL CONSUMPTION OF FREIGHT AIRCRAFT

General Comments:

Air cargo is carried in the Tower hold of passenger/cargo
aircraft (this is known as "lower hold cargo”"), in cargo-
onlty aircraft, and in convertible aircraft that may be used
for passenger/cargo or cargo-only service, Typical cargo
densities vary from 5 to 14 pcf, the average being 10.7 pcf.
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ptargo-bﬁiy airéraft consumed 5% of the total fuel used by
U.S. air carriers (1971 data).

Data from four differing sources varied significantly.
Reported yaTues ranged from .07 to .59 gallon of fuel per
ton-mile depending on the source of information. The
values shown assume the aircraft is carrying the average
load factors shown in Tableés F4 and F1ll. Aircraft fuel
refining energy has been included in the reported energy
intensities,

F12 DIRECT FUEL CONSUMPTION OF SELECTED FERRYBOATS

Data presented:under Section F10 have been obtained from
statistics sdpﬁ1ied by the operating agencies of ferry
systems,

F13 DIRECT FUEL CONSUMPTION OF INLAND AND COASTAL VESSELS

Data are derived for intercity passenger service on inland
waterways and based on a typical year of the 1965-1970
period. ; :

F14 Freight Sé?vice data are based on 1972 U.S. statis-
tics., Breakdown of the total ton-miles shipped was as

follows:
Local ' 1%
Lakewise 12%
Rivers and Canals 29%

Coastwise - 58%
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F15 CHARACTERISTICS OF U.S. FLAG MERCHANT SHIPS

Data presented under Section F13 have been extracted from
computerized files of the U.S. Department of Commerce,
Maritime Administration, and include all self-propelied |
U.S, flag vessels active as of December 1976, and exceeding
4000 long tons deadweight. |

Estimates of fuel consumption are those of the Maritime
Administration, and are based on the following empirical
formulae:

Engine Type Fuel Consumption, Long Tons Per Day
Steam Turbine (Rated Shaft Horsepower)} x .005571
Motor Ship (Rated Shaft Horsepower) x .003313

Fuel consumption data are for ships at cruise speed.

F16 FUEL CONSUMPTION IN BERTH

Fuel consumption data are averages for ships in-berth.
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ENERGY FACTORS FOR VARIOUS MATERIALS



APPENDIX G

This appendix contains the energy factors for a rather

diverse collection of materials, Contained herein

are the

refining, calorific and combined total energies for some
commonly used transportation fuels., Also shown are the

calorific eneréy values for some less common fuels
as energy consumption factors for both residential
nonresidential "structurés. The energy required to
some selected materials such as cement, copper and

as well
and
produce
glass;

and the energy produced by some natural systems such as

woodlands or swamps are also presented.
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Gl TdTAL'ENERéﬁnOF SOME;PETROLEUM PRODUCTS COMMONLY USED
IN TRANSPORTATION ‘

Petroleum Product Calorific Energy Refining Energy Total Energy Reference

Gasoline 125,000 Btu/gal 18,700 143,700 ~ GR20,21,8,1,*
Jet Fuel (Military) 127,500 " 10,500 138,000 u
Kerosene (same as 135,000 10,500 145,500 oo

. commercial jet fuel) . :
Diesel 138,700 8,820 147,600 "
Resid.. 011 149,700 8,980 158,700 n

Coke 143,400 15,700 © 159,100 "

LPG 195,500 12,700 108,200 u

Lubricating Oils

General 144,000 | 62,400 206,800 GR22,1,%
10-40 Qi1 144,000 76,000 220,000 v
Synthetic 144,000 148,000 292,000 GR23,1,*

*Indicates work done by authors to derive the factors
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G2 PROPERTIES OF SELECTED FUELS

Methane {Liquid)

Methanol (Methyl Alcohol)

5.61 1b/gal
5,57 1b/gal

G-4

7.81x104 Btu/gal
6.46x10% Btu/gal

Fuel Density Gross Heat Content References

Butane (Liquid) 5.25 1b/gal 9,34x10% Btu/gal GR1,25
Coal (Composite, all grades)

Anthracite 93 1h/ft3 2.54x107 Btu/ton GR1

‘Bituminous 84 1b/ft3 2,62x107 Btu/ton n

Lignite 78 1b/ft3 1.24x197 Btu/ton "

Subbituminous N.A. 1.7x107 Btu/ton "
Ethane 0.0l Tb/gal 6.6x10% Btu/gal GR33
Ethanol (Ethyl Alcohol) 8.02 1b/gal 8.46x10% Btu/gal GR1
Gas, Natural 0.038 1b/ft3

Wet " 1.091x1g3 Btu/f53 .

Dry " 1.02x10° Btu/ft "

Liguid n 9,82x10% Btu/ft3 "
Gasoline, Automotive 6.1 1b/gal 1.25x10° Btu/gal "
Gasoline, Aviation 6.1 1b/gal 1,21x10% Btu/gal "
Gasohol 6.05 1b/gal 1.21x10° Btu/gal n
Hydrogen (Liquid) 1.67 1b/gal 3.21x104 Btu/gal GR19
Hydrogen+Qxygen (Liquid) 4,32 1b/gal 2,19x10% Btu/gal "
Jet Aircraft Fuel 6.6 1b/gal

Kerosene (commercial) 1.35x10% Btu/gal GR1

Naptha (military) 1.27x10% Btu/gal "
Kerosene 6,71 1b/gal 1.35x10° Btu/gal "
Lubricants 7.61 1b/gal 1.44x10° Btu/gal .
Magnesium Hydride 7.20 1b/gal 5.12x10° Btu/gal GR19
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Dénsity

62 PROPERTIES”OF SELECTED FUELS (Continued)

G-5

Fuel Gross Heat Content References
Dils, Fuel 0il
No. 1 (API 42 deg) 6.790 1b/gal 1.35x10° Btu/gal GR1,3
No. 2 Diesel (API 35 deg) 7.076 1b/gal 1.39x10° ptu/gal n
No. 3 (API 28 deg) 7.387 1b/gal 1.43x10% Btu/gal "
No. 4 (API 20 deg) 7.778 1b/gal 1.48x10° Btu/gal "
No. 5 (API 14 deg) 8.099 1b/gal 1.52x10° Btu/gal n
No. 6 Bunker (resid. F.0.)  8.328 1b/gal 1.50x10% Btu/gal "
‘Petroleum Cokes | 11.6 1b/gal 1.24x10% Btu/1b GR10
" .Petroleum Crudes
California sources 7.88 1b/gal 1,38x105 Btu/gal GR30
Other USA sources 7.03 1b/gal 1.38x10° Btu/gal "
Outside USA sources 7.50 1b/gal 1.38x10% Btu/gal "
Propane (Liquid) 31 1b/ft3 8.53x10% Btu/gal GR1
Sulfur 124 1b/ft3 8.0x10% Btu/ton GR4
" Wood
- Hardwoods 46,2 1b/ft3 1.013x104 Btu/1b GR4,13
Softwoods 36 1b/ft3 1.065x10% Btu/1b u
Resin 67 1b/ft3 3,48x106 Btu/ton GR4
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G3 PROPERTIES OF SELECTED MATERIALS

Material Density Energy to Produce References
Aluminum
Raw ingot 165 1b/ft3 2.34x108 Btu/ton GR5,6,8,*
Casting 165 1b/ft3 2.46x108 Btu/ton "
Forged 165 1b/Ft3 2.51x108 Btu/ton n
Wire 165 1b/ft3 2.48x108 Btu/ton u
Extruded 165 1b/Ft3 2.44x108 Btu/ton "
Stamp 165 1b/ft3 2,41x108 Btu/ton "
Aggregates
Crushed gravels . 100 1b/Ft3 4.8x10% Btu/ton GR3
Crushed stone 95 1h/ft3 6.0x10% Btu/ton n
Uncrushed sands & gravels 100 1b/ft3 1.6x10% Btu/ton "
Asphalts
Air-refined asphalts 8.2 Th/gal 134,000 Btu/gal* GR20,7,8,*
Emulsified (60% asphalt) 8.3 1b/gal 81,000 Btu/gal GR3,7,8,20,*
Cement, Portland 94 1b/ft3 6.88x106 Btu/ton GR18
Copper
Casting 556 1b/ft3 1,25x108 Btu/ton GR5,8,9,*
Rolled 556 1b/ft3 1.38x108 Btu/ton n
Wire 556 1b/ft3 1,39x108 Btu/ton n
Glass 165 1b/ft3 2,09x107 Btu/ton GR5,8,*
Iron, Cast 450 1b/ft3 21.74x106 Btu/ton
GR6,8,9,11,*
Iron, Pig 450 1b/Ft3 10.57x106 Btu/ton  GRS,9,11,*
Lime 137 1b/fe3 7.5x106 stu/ton GR3

*Indicates work done by authors to derive the factors
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@3 PROPERTIES OF SELECTED MATERIALS (Continued)

Material | Density Energy to Produce References
Lead | | 708 1b/Ft3 6.95x107 Btu/ton  GR8,9,*
Magnesium, Alloys j 112 1b/Ft3 N.A.
* Plastics i 59-128 1b/ft3

Polyethylene, high denﬁity‘ 59-61 1b/ft3 10.93x107 Btu/ton GR5,8,27,31,*
Polyethylene, low density 56-58 1b/ft3 11,62x107 Btu/ton u

Polystyrene 50 1b/ft3 15,34x107 Btu/ton "o 32 %
Polyvinyl chloride -' 10,51x107 Btu/ton u
Rubber
Rubber goods (general) 94 1b/ft3 14,73x107 Btu/ton "
Passenger Tires, new 29 1b each 3.10x10% Btu/each GR5,8,27,28,29,*
Passenger Tires, recap 8 1b (add'l rub) 9.39x105 Btu/each "
Med. Trk. Tires, new 45 1b each 4,58x106 Btu/each n
Med. Trk. Tires, recap 12 ib(add'1 rub) 1.44x108 Btu/each "
Hvy. Trk. Tires, new 125 1b each 1.27x107 Btu/each n
Hvy. Trk. Tires, recap 22 1b(add'1 rub) 3,02x108 Btu/each "
Steel, Alloy 4,66x107 Btu/ton GR6,8,9,11,*
Cold rolled : 490 1b/ft3 5.17x107 Btu/ton n
Pressed 490 1b/ft3 5.47x107 Btu/ton "
Painted ' 490. 1b/ft3 6.06x107 Btu/ton n
Stamped - 490 1b/t3 5.23x107 Btu/ton n
Painted | 490 1b/ft3 5.82x107 gtu/ton "
Drawn - ' 490 1b/ft3 5,93x107 Btu/ton u
Extruded : 490 1b/ft3 5.18x107 gtu/ton n
Forged 490 1b/ft3 6.19x107 Btu/ton n
Annealed 490 1b/ft3 6.45x107 Btu/ton - n
Carburized ' 490 1b/ft3 6.55x107 Btu/ton n
Induction hardened 490 1b/ft3 6.24x107 Btu/ton u
Quenched & tempered 490 16/ft3 6.46x107 Btu/ton "

" #Indicates work done by authors to derive the factors
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G3 PROPERTIES OF SELECTED MATERIALS (Continued)

Material Density Energy to Produce References
Steel, Alloy, Construction Items
Prestressing tendon 5.93x107 Btu/ton GR6,8,9,11,*
Steel, Carbon 490 1b/ft3 3,98x107 Btu/ton - "
Cold Rolled 490 1b/ft3 4,49x107 Btu/ton n
Pressed 490 1b/ft3 4,79x107 Btu/ton "
Electroplated 490 1h/ft3 5.16x107 Btu/ton "
Painted 490 1b/ft3 5.38x107 Btu/ton "
Stamped 490 1b/ft3 4,55x107 Btu/ton n
Electroplated 490 1b/ft3 4,93x107 Btu/ton "
Painted . 490 1b/ft3 5,14x107 gtu/ton "
Drawn 490 1b/ft3 5,25x107 Btu/ton u
Extruded - 490 1b/ft3 4,49x107 Btu/ton n
Forged 490 1b/ft3 5,51x107 Btu/ton n
Annealed 490 1b/t3 5,77x107 Btu/ton u
Carburized 490 1b/ft3 5.87x107 Btu/ton Z
Induction hardened 490 1b/ft3 5,56x107 Btu/ton "
Quenched & tempered 490 1b/ft3 5,78x107 Btu/ton "
Steel, Carbon, Construction Items
Guardrailing 490 1b/ft3 5.18x107 Btu/ton GR6,8,9,11,34,%
Pipe 490 1b/ft3 4.49x107 Btu/ton GR6,8,9,11,35,%
Reinforcing gears , 490 1b/ft3 4,49x107 Btu/ton 5
Signs 5,38x107 Btu/ton n
Structures 3.98x107 Btu/ton "
Trackage, mainline railroad 38 1b/1f 3,98x107 Btu/ton "
Trackage, Tight rail 33 1b/1F 3.98x107 Btu/ton "

transit

*Indicates work done by authors to derive the factors
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"'g3 PROPERTIES ‘OF SELECTED MATERIALS (Continued)

Material : Density Energy to Produce References

* Steel, Stainless 490 1b/ft3 6.16x107 Btu/ton GR6,8,9,11,*
~ Cold Rolled’ 490 1p/Ft3 6.67x107 Btu/ton L
Pressed | 490 1h/ft3 6.97x107 Btu/ton "
Stamped ‘ 490 1b/ft3 6,73x107 Btu/ton n
Drawn o 490 1b/ft3 7.43x107 Btu/ton "
Extruded - 490 1b/ft3 6.67x107 Btu/ton n

Steel, Stainless Construction Items

Pipe | 490 1b/ft3 6.67x107 Btu/ton " 35 %
Wire 490 1b/ft3 7.43x107 Btu/ton "

: Wood
Hardwood : 46 1b/Ft3 2.02x107 Btu/ton GR4,13
Softwood 36 1b/ft3 2.13x107 Btu/ton "

Zinc 440 1b/ft3 69.5x10% Btu/ton GR6,8,9,%
'Forged 440 1b/t3 84,86x10% Btu/ton n
Rolled | 440 1b/ft3 74,66x10% Btu/ton u

" *Indicates work done by authors to derive the factors




G4 ENERGY PRODUCTION OF SELECTED NATURAL SYSTEMS

NET QUANTITY & ENERGY PRODUCTICN

Dry Quantity Energy Production

Ecosystem Type 1b/Ft2/yr Btu/ft2/yr References
Tropical forest 410 3,13x103 GR14
Temperaté forest «256 1,96x103 "

~ Boreal forest .164 1.25x103 n
WoodTand and shrubland .143 1,10x103 "
Savanna .184 1.41x103 "
Temperate grassland 123 9,39x102 "
Tundra and alpine .029 2,19x102 "
Desert and semidesert .008 6.26x101 "
Cultivated land .133 1.02x103 n
Swamp and marsh . 410 3,13x103 "
Lake and stream .051 4.14x102 u
Total continental .158 1.21x103 "
Algal beds, reefs, estuaries .369 2,98x103 "
Open ocean 026 2.26x102 "
Total marine .031 2.74x102 n
World total .068 5.40x102 u

GROSS QUANTITY PRODUCTION

Land systems: 2.7 x Net quantity production
Oceans: 1.5 x Net quantity production
World: 2.3 x Net quantity production

ENERGY CONTENT OF LIVING TISSUE

Energy per Dry Weight

Type Btu/1b
Land plants 7.64x10° "
Large aquatic plants 8.09x103 “
Plankton 8.81x103 n
Animal tissue 8.99x103 n
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65 ENERGY CONSUMED BY STRUCTURES

ELECTRICITY CONSUMPTION

Annual Energy Consumed

Type of Structure Per Area of Floor Space
Energy Energy Consumed
Delivered at powerplant Ref.
kwh/Ft2 Btu/ft?
. Residential
All-electric, single-family residence 10.3 1.219x10° GR15
Single-family residence w/electric kitchen 5.4 6.392x10% "
Single-family residence w/gas appliances 4.8 5.681x10% "
All-electric apartment - 7.0 8.285x10% "
Apartment w/electric kitchen 4.4 5.208x10%4 u
Apartment w/gas appliances 4.0 4.734x10% - "
Non-Residential - General Categories

Office and professional buildings 34,2 4.048x10° "
Warehouses 14.4 1.704x10% "
Retail outlets 47.8 5.658x105 "
Restaurants and cocktail lounges 76.9 9.102x105 "
Hotel and motels | 26.0 3.077x10° u
Service establishments 95.2 11.268x10% "
Elementary schools j 23.1 2.734x10° n
High schools and colleges 38.8 4.592x10° "
Hospital and convalescent facilities 100.7 1,191x106 u
Churches ' : 6.0 7.102x10% n
Theaters and recreation 32.5 3.847x10% "
Manufacturing/industrial 50.1 5.93x105 n
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G5 ENERGY CONSUMED BY STRUCTURES (Continued)

NATURAL GAS CONSUMPTION

Type of Structure Annual Energy Consumed per Dwelling Unit  Ref.
Btu/unit '
Residential
Single-family residences 1.10x108 | GR15
Multi-family, 4 or fewer units 6.40x107 "
Multi-family, 5 or more units 5.80x107 "
Annual Energy Consumed per Area of Floor Space
| Btu/ft?
Non-Residential - General Categories
Office 4.20x10% . n
Shopping center : 2.,40x10° "
Hotel . 6.00x10° n
Industrial 3.96x10% n
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66 ENERGY LEVELS BY LAND USE

Land Use Annual Consumption(Btu/acre)

References
Agricultural NA
Industrial : _
Chemical 1.37x1010 GR16,17,%
Commercial 1.20x10°2 "
Light 3.40x10% n
Med fum _ 8.70x10% n
Mining,. processing 9.4x10% "
Paper 1,37x1010 n
Residential
High density 5.00x108 u
Planned mixed housing 6.0x108 "
Urban sprawls. 8.0x108 "

*Indicates work done by authors to derive the factors
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G8 COMMENTARY

Gl. TOTAL ENERGY OF SOME PETROLEUM PRODUCTS COMMONLY
USED IN TRANSPORTATION

Approximately 10% of the oil consumed in the United States
is expended to refine petroleum products used in transpor-
tation systems., This table lists estimates of the total
energy equivalent for some of the more common transporta-
tion related petroleum products., It is the result of an
extensive engineering analysis based on information from
References 20, 21, 22 and 23 and updated to 1980 conditions
using References 1 and 8,

The calorific energy is the heat energy which would be
obtained if the fuel were directly burned. The refining
energy is the energy necessary to make it available for
use., The total energy is the equivalent amount of energy
that must be expended for every unit of fuel consumed. The
total energy value is the number that should be used when
translating between fuel energy and "equivalent barrels of
0il®,

G2. PROPERTIES OF SELECTED FUELS

General Comments:

Data presented are estimates of the potential thermal ener-
gy available in each fuel if it were consumed with 100%
efficiency. Some reported values of fuel energy vary by
more than 15% between references. Refined fuels (gasoline,
diesel) tend to have a more consistent energy value than
unrefined fuels {coal, residual oil),
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Potential thermal energy of wood.as a fuel varies with
species and moisture content., Values vary by more than 20%
between references. The values reported in Table G-1
include the average calorific (thermal) energy and the
production energy (harvesting, transport) of 1450 Btu/1b for
softwood and 1530 Btu/1b of hardwood from Reference 13.

' Table G-1. Properties of Selected Wood, Air Dry

Density Thermal Energy
Species : pcf  (kg/m3) Btu/1b (joules/kg)

Birch 41 (657) 7500 (1.74x107)
Cherry 35 (561) 7900 (1.94x107)
Fir, douglas 32 (513) N.A,

Hickory -~ 5L (817) 7600 (1.77x107)
Oak 46 (737) 7800 (1.81x107)
Pine © 31 (497) 8100 (1.88x107)
Poplar ” 28 (449) 7700 (1.79x107)

NOTE: In the United Stétes, firewood is often sold by the
"cord",éa vague unit described generally as: tightly
packed logs and pieces forming a "block"™ measuring
4 ft x 4 ft x 8 ft. Reported weights of one cord of
particular species are as follows: Hickory,

4,500 1b; oak, 3,850 1b; pine, 2,000 1b; poplar,
2,350 1b. These estimates vary widely.
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Hardwoods are defined as broad-leafed species (without
reference to the actual strength of the wood itself).
Softwoods are defined as species having needle-Tike leaves.
Resin Values are based on samples from pine trees.

G3. PROPERTIES OF SELECTED MATERIALS

General Comments:

A special effort was made to obtain accurate values for the
energy equivalent of materials used in vehicle manufacture
and in roadway construction. Many of these energy factors
have been updated to 1980 conditions and therefore, are new
numbers that have never been published. Also, an attempt
has been made to determine what percentages of the manufac-
turing energy of each material was derived from premium
fuels — petroleum and natural gas — since these energy
sources are the ones in most critical demand (see DOT EIR
requirements, Federal Register, December 1980)}. Both the
energy equivalent and the percentage of that energy which is
premium fuel derived are given in Table G-2 for materials
for which the information was available. These values were
used to develop some of the enerby values for vehicle manu-
facturing and construction jtems listed in Appendices C, E
and F.

The energy netéssary to manufacture an item can be broken
down fnto three basic categories: 1) raw materials produc-
tion from basic ores, 2) fabrication of the raw material
into individual parts or components, and 3) assembly of the
parts into the final product. 1In Section G3, the raw
material and fabrication energies have been added for some
of the more commonly used finished products.
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Where these materials must be transported over very long
distances after manufacture, the energy consumed in
transportation of the manufactured products should be added
to the base values.,

Aggregates -

Crushed grave1§ are defined here as natural sand and gravels
that must be run through a crusher (for size reduction,
gradation, obtaining rough surfaces and/or for meeting other
requirements). '

Crushed stone is defined here as an aggregate that must be
quarried by dri111ng and shooting, then run through a
crusher, : '

Uncrushed‘sands and gravels are defined here as aggregates
that may be removed with little difficulty and require
minimum processing,

-Asphalts

There are two common methods used to determine the energy
equivalent of asphalt. One is to assume that it is a
construction material which is a by-product of the refining
process, and as such should be given no energy value outside
of the energy it takes to heat and distribute it

(Reference 3)}. A second is to assume that it is a fuel and
as such its full calorific (heating value) energy equivalent
should be used, Unfortunately, asphalt contains such large
amounts of sulfur and other mineral contaminates that its
use as a fuel {as Residual or Bunker T fuel 0il) is extreme-
1y Timited.
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The approach adopted in this report was to determine the
next best use of the asphalt if it were not used as a
construction material. Residual oil markets are already
near saturation and have little capacity to absorb addi-
tional supply. Asphalt can be transformed into useful fuel
products through the additional refinery operations of
coking, cracking and desulfurization. This route has not
been commonly used in the past due to the additional expen-
diture of time, money and energy, but it is quite possible
with modern refineries.

For the purpose of this analysis, we took the base value of
the calorific energy inherent in asphalt, subtracted out the
material and energy losses of the above processing steps,
and called the remainder the "equivalent asphalt energy®.
This is the net amount of energy produced if asphalt were
refined into useful fuel products.

Cement-Portiand

The energy value given was reported by the Portland Cement
Association with updated energy efficiencies provided by
U.S. Department of Energy. As an aid, the following tabTe
is presented:

Table G-2, Fréquently Used Units of Cement

Ton 2000 1b (907 kg) = 6.88x106 ptu
Barrel 376 1b (171 kg) = 1,29x106 ptu
Sack 94 1b (43 kg) = 3,23x10% Bty
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‘Iron

See comments for steel
Plastics

A1l plastics assume injection molding is used for primary
fabrication. =

Thermosetting plastics have densities between 68-128 pcf
(1058-2051 kg/m3) and include epoxies (adhesives) and
polyesters (fiberglass, ‘auto body parts).

Thermoplastics have densities between 59-125 pcf

(945-2003 kg/m?) and include ABS (auto dashboards); acryl-
ics (aircraft windows, signs); polyamides (pipe, fuel con-
tainers) po]yefhy1enes (bottles, construction sheets); and
vinyls such as.PVC (wire insulation, tiles}.

Rubber

The values reparted here are for the synthetic rubber, SBR
(Styrene Butaline Rubber). The new tires are for a large
passenger car with 2 1b of steél belts and 27 1b SBR. The
recaps have 6 1b SBR added after buffing.

Steel

Reported va]heé for the“energy equivalent of steel range
from 20,000,000 Btu/ton to over 100,000,000 Btu/ton. For
the burpose ofithis Tepbrt, we reanalyzed the steel industiry
using the methhdology of Reference 9 upgraded to 1980 condi-
tions using data from References 8 and 11. The methodology
of Reference 9 was used because it presents the most
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detailed disaggregate process analysis where all assumptions
and data sources are shown explicitly. Fabrication energies
were taken from Appendix D of Reference 6, again updated to
1980 energy efficiencies using Reference 8.

Prestressing tendons primarily consist of stress-relieved
7-wire strands or solid bars of alloy steel,

Table G-3. Properties of Prestressing Steel

, Diameter Weight
Type in (mm}) 1b/ft  (kg/m)
Strand 1/4 (6.4) 122 (.182)
" 3/8  (9.5) .274  (.408)
u i/2 (12.7) 494 (.735)
Bar 3/ (19.1) 1.50 (2.23)
" 1 (25.4) 2.67 (3.97)
1-1/4 (31.8) 4,17 (6.20)

G4, ENERGY PRODUCTION OF SELECTED NATURAL SYSTEMS

Data under Section G5, represent the mean production of
various ecosystems. The range of values vary in general by
a factor of +2 from the mean,

G5, ENERGY CONSUMED BY DWELLINGS

Data presented under Section G6. are based on a study by the
City of Los Angeles, California.
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in kwh is measured at the point of
consumption, Energy consumed at the power plant refers to
the estimated total energy consumed by the utility system to
produce and transmit electricity to the user and assumes 33%

Electricity cdﬁéﬁmptioh

efficiency. The values given are in units of energy per
surface area of the consumer structure.

Natural gas consumption is based on statistical quantities
of cubic feet consumed and converted to thermal energy at
the rate of 1000 Btu/cf.

G6. LAND USE ENERGY LEVELS

Data presented under Section G6. are estimates of the annual
‘energy consumption of populated areas.

Industrial daté are based on dollar costs of feedstock, plus
all additional dollar costs to the industry for processing,
pltant operations, etc., to provide the final product.

Residential data are based on fuel and electricity consumed
for utilities, HVAC, and transportation., Utility and HVAC
values reflecttthe quantity of energy at the point of use,
and not the primary energy input at the power plants.
Transportation .values provide only the direct (fuel) energy
consumption by the region.
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Life Cycle Costing

Life cycle costing is an economic evaluation tool which
enables the engineer to estimate the long run cost
consequences of his design. It takes into account the most
important costs and puts them on a common time basis by a
technique called "discounting". By discounting costs over
the useful 1life of a project into today's dollars, life
cycle costing can be used to determine which energy
conservation investments will be the most economic. Life
cycle costing is particularly suited for the comparison of
alternative projects, and for the selection of those
projects that will provide the highest overall net return,

Economic analysis is an art rather than an exact science.
Economic analyses are only as good as their underlying
assumptions about future conditions. There are important
factors which must be considered in any analysis. These
include choosing a study period, estimating the life of
assets, and dealing with the real worth of energy.

The Btu content of a barrel of oil is constant with respect
to time. It will have the same number 20 years from now as
it does today. But, as petroleum becomes more scarce, its
value to society will certainly change. This change in
value will be reflected in its price, 0i1 embargo or glut,
these considerations for future predictions will have to be
made by the engineer at the time of analysis for each indi-
vidual project.

Considering the present value of the cash flow is the basis

of 1ife cycle costing., This procedure is often termed
“engineering economics", "analysis of capital investment™
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or simpiy “tﬁmg:value df money™, Whatever the name, life
cycle costing analysis must include an intefest cost of
capital to reflect the worth of money over time. For cases
of unequal or irregular cash flow, a change in the rate can
materially affect the calculated difference between
alternatives, The preferred practice in all analyses is to
make the particular economic analysis with two or more
rates.

The discount téchnique is generally used to express all
costs in either of two ways. As "present value" as though
they were all incurred today, or as "annual values" as
though they were even annual payments spread out over the
1ife of the project. '

By either methbd, this time adjustment accounts for the
real earning potential of capital and may also be used for
~inflation. Discounting is essential for making any realis-
tic economic assessment when cash flows are spread over
time.

A simplified eiﬁmp]e will be worked to show the basic eco-
nomic concept., This exdmp1e shows only the cost analysis
for the energy fe]ated items, An in-depth analysis should
show Tabor constructfon.costs as well,

Example

Two alternatives are being considered for the construction
of a one mile section of rural highway. The proposed proj-
ect is a straight section of two-lane road on level land.
The project is being evaluated between an AC and a PCC
pavement. The project is being considered over a 40-year
life. g
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Alternative 1

It is proposed to construct the road using an asphalt con-
crete pavement., The structural requirements are:

..45 ft asphalt concrete (AC)
.80 ft Class A cement treated base (CTB)
1,20 ft Class 2 aggregate subbase (AS)

Placement of the AC and AS consists of spreading and com-
pacting. The placement of CTB consists of blade mixing,
spreading and compacting.

1t is assumed that the AC pavement will require periodic
rejuvenation'and overlays throughout its effective life,
For this project, it is assumed that the AC will need
rejuvenating (a seal coat) after the first 8 years and an
AC overlay after the first 16 years. This maintenance
schedule is assumed to be cyclic over the 40-year analysis
period. 1In other words, a rejuvenating agent is expected
to be applied in the 8th, 24th and 40th years, and a 0.4
foot thick AC overlay is called for in the 16th and 32nd
years,

Alternative 2
It is proposed'to construct the road using portiand cement
concrete. The structural requirements of the pavement
are:
.75 ft portland cement concrete (PCC)

.45 ft Class A cement treated base (CTB)
.50 ft Class 2 aggregate subbase (AS)
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'Thériroéé&uﬁé for p]aéing the AS and CTB s the same as
that required for the AC pavement, Placement of PCC
requires not only Spreading, but joint sawing.

It is assumed that the PCC pavement will require grinding
and groovingﬁevery 15 years. Five percent of the surface
will require grinding and grooving the first time and 15
percent the second time,

An energy analysis was performed for both alternatives and
the resuits are shown in Tables H-1 angd H-2,

The tdta1_energy expended is 12.767x10% Bty per 7ane mile
for the AC pavement and 7,591x109 Btu per lane mile for

the PCC. In ‘this particular case, the PCC pavement is less
energy intensive than the AC pavement by 5.176x109 Btu or
the equivalent of 892 barrels of o0il over the 40-year anal-
ysis period, ‘There is a temptation for many engineers to
stop at this point in the selection pProcess and if we were
Tooking for just the energy consumption, it would be
correct. But the Cost-effectiveness of the two alterna-
tives have not been examined. The dollar costs which will
be incurred during the 1ife of the project have yet to be
cbnsidered.. |

The following is a simple illustration of how the cash flow
from an energy conservation investment can be adjusted by
the discounting technique to provide present valye amounts.
To perform the analysis, the discount and compounding
factors Tisted 'in Table H-3 were used, Tables of factors
for other rates are available in most engineering economic
textbooks.
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ENERGY CONSU

TABLE H-1

MPTION OF AC PAVEMENT

ENERGY, BTU/LANE-MILE

. Production Ccalorific Placement Total
Construction
Subbase 9.504x107 0 6.843x107 1.635x108
Base 115.317x107 0 6.387x107 12.170x108
Asphalt Seal 0,396x107 11.067.107 0.022x107 1.148x108
AC 71.717x107 318.336x107 _3.673x107 39.373x108
196.934x107 329.403x107 16.925x107 54.326x108
Maintenance
Rejuvenate 1.188x107 33,201x107 0.066x107 3,445x108
Overlay 127.497x107 565.931x107 6.530x107 69.996x108
128.685x107 599,132x107 6.596x107 73.441x108
Total 325,619x107 928.535x107 23,521x107 127.767x108
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TABLE H-2

ENERGY.CONSUMPTION OF PCC PAVEMENT

ENERGY, BTU/LANE-MILE

“Production Calorific _ Placement Total

Constructidﬁ
Subbase 3.960x107 0 2.851x107 0.681x108
Base ' 64.866x107 0 3.593x107 6.846x108
Asphalt Seaj 0.396x107 11.067,107 0.022x107 1.148x108
PCC 566.890x107 0 0.986x107  56,788x]108
Sawing Joint | .150x107 0.015x108
636.112x107 11.067x107 7.602x107 65.478x108

Maintenance

Grinding 62.819x107 0.997x107 6.382x108
eroovipg 39.262x107 1.246x107 4.051x108
1@2.081x10{ 2.243x107  10,4334108
— —
Total 738.193x107 11,067x107 9.845x107 75.911x108




TABLE H-3

Interest Fattors For One Dollar

8% 10%
Year Compound Amount Present Worth
(Inflation) (Discount)
8 1.8509 .46651
15 3.1722 .23939
16 3.4259 .21763
24 6.,3412 .10153
30 _ 10.063 05731
32 11,737 .04736
40 21,725 02210
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A time-line diagram for the cash flow of the project for
both pavement alternatives is shown in Figure H-1.

For this example, it is'assumed that energy prices will
rise 3 percent“faster than prices in general. Assuming a

5 percent inflation rate over the 40-year analysis period,
the overall rate of price escalation for energy would be
approximately S;percent; A 10 percent discount rate for
the vé]ue of cébita] overtime was arbitrarily selected, and
the current price of a barrel of crude oil was placed at
$30.

To obtain the dollar value for the energy consumed in the
initial placement of the AC pavement, its energy value of
54.326x108 Btu was first divided by 5.8x100 Btu/barrel

to obtain-the number of barrels of o0il required, and then
multiplied by $30 per barrel.

54.326x108 Btu
5.8x100 Btu/barrel

x $30/barrel = $28,100

A similar procedure is followed for events in subsequent
years except that the rate of inflation must be applied to
the price of 0i1 and the dollar value then converted to
their present worth., To find the doilar value for the AC
seal coat application in the eighth year, the energy value
is converted to barrels of o0il and the inflation and dis-
count factor from Table H-3 applied.
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1.148x108 BTU
5.8x10% BTU/barrel

x $30 (1.8509)x(.46651) = $513

The summation of all such events at their present worth
yields the total life cycle cost of the project. In this
case, the PCC pavement is shown to be the most cost-
effective pavement by $15,613,
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APPENDIX I

TRANSPORTATION SYSTEM MANAGEMENT

Transportation System Management (TSM) actions are strate-
gies which generally encourage mode shifts, reduce travel
demand or improve vehicular flow. These may involve items
such as traffic Operations, signal systems, ramp metering,
one-way street, ridesharing, high occupancy vehicles,
parking management, flexible work hours, park and ride,
pricing actions and shuttle buses, This appendix provides
an example analysis and references for assessing energy
savings for TSM projects.

Recent energy shortfalls and increaséd cost of fuel has
resulted in regulations placing greater emphasis on analy-
sis of energy usage in the transportation planning process,
Many TSM projects have the potential to save energy with
low implementation costs.

The report titled "Energy Impacts of Transportation Systems
Management Actions", (DOT-1-82-4), Final Report, October
1981, provides for easy to apply manual methods for esti-
mating energy savings for various TSM strategies. These
methods usually estimate only the direct energy. Fuel
consumption factors and adjustments in this publication
(Appendix C) are more recent than those shown in the DOT
report.

The following example is based on DOT-1-82-4, but has been
updated with Appendix C factors.
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1-1 Freewayﬁﬁamﬁ‘Méterfhg

In cases where freeway segments experience severe peak hour
congestion, metering of vehicles entering at ramp junctions
has proven to be an affective strategy to improve averageé
travel speeds (IRl)., A review of the relationships between
speed and volume shows that as the demand volume on a free-
way segment increases, speed decreases (Figure 1-1),

'VOLUME (VFH)

Figure I-1

Speed - Flow
ReTationship

Ramp metering attempts to control the vo1ume-on a segment
so that an acceptable speed can be maintained.

Consider a two-lane freeway segment with a peak hour
capacity of 4,000 vehicles per hour (one direction) and a
single lane entrance ramp with a peak hour demand of 400
vehicles per -hour. The peak hour demand upstream from the
ramp is 3,600 vehicle per hour (Figure I-2), As a resuit,
the volume-to-capacity ratio downstream from the ramp
approaches 1,0 during peak hours.,
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Under such conditions, "Metering" of the entering ramp ve-
hicles can reduce the volume to capacity ratio and improve
the quality of flow along the segment.

A
3,600 VPH wwmd 4,000 VPH = CAPACITY
400 VPH
Figure I-2

Volume Determination of Freeway Ramp

Direct energy consumed by the traffic stream is a function
of the volume, traffic mix, and vehicle speed. Normally,
optimum fuel consumption occurs at a speed of 30-40 miles
per hour for free flow conditions. However, typical
freeway congestion involves numerous accelerations and
decelerations which increases fuel consumption ahove free
flow. The optimum fuel consumption for congested condi-
tions occurs at approximately 50 miles per hour where
traffic is moving at a steady pace but less than the speed
Timit. ‘

Wagner (IR2) has summarized the results of ramp metering
projects in several urban areas. Improvement in average
travel speed during peak hours in the range of 14% to 27%
has been observed when ramp metering is combined with
computerized freeway surveillance (IR3}.

Analysis of energy savings resulting from speed increases
due to ramp metering can become very complex.

Generally, such projects are implemented in very heavily
congested travel corridors which include a number of ramp
Junctions. Computer programs such as FREQ6PE have been
developed to aid in such analysis (IR47Y.
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Ramp metering is usually a part of a comprehensive freeway
surveillance and control system designed to meet the local
needs of a specific corridor. Therefore, manual analysis
methods may not be appropriate because of the complexity of
such a system. A simplified method for analysis of a
single ramp has been developed to demonstrate the
principles of such analysis. An example is included to
jilustrate the application of the energy factors contained
in this handbook. It does not include the energy effect of
queuing on the ramps or congestion on paralleling city
streets and therefore would not be applicable for a
comprehensive analysis.
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Instructions far.wofk§hézt

Step 1: Identify the analysis period which will be
impacted by the project. Normally a.m. peak and p.m.
peak hour traffic will be included.

Step 2: Identify the length of the segment in miles.

Step 3: [Identify the total peak-hour demand for the
analysis period for autos, medium trucks and heavy
trucks. .

Step 4: Identify base average speed for the analysis
per%oa.

Step 5: Estimate the improvement in average speed
that results from ramp metering; literature indicates
that this improvement may range for 10% to 30% (2).

Step 6: With the base average speed and the revised
speed enter Table C:4 (page C-23) to find correspond-
ing fuel consumption rates in gallons per mile.
Subtract the revised rate from the base to find the
difference. This value is the number of gallons con-
served per thousand miles.

Step 7: Multiply Step 2 x Step 3 x the number of
analysis periods, i.e., peak hours per day, x Step 6
to find the unadjusted daily fuel consumption, in
gallons. .-

Step 8: From Table C:5 (pages C-24,25,26), find fuel
adjustment factor for analysis year.

Step 9: Mu]tiply Step 7 x Step 8 x 250 to find yearly
energy savings in gallons for each vehicle class.

Step 10: Total yearly energy saving obtained by
adding all energies saved by all vehicle classes.

1-7



Example

Given: A two-lane urban freeway 6 miles long, two peak hour
periods with speed and volume information outlined below:

Peak Hour Average Peak
Volume (VPH) Hour Speed (MPH)
Before Ramp : -
Metering a.m. p.m. a.m. p.m.
Auto 3300 3300 35 35
Med Truck 300 300 35 35
Hvy Truck 100 100 35 35
After Ramp
Metering ‘
Auto 3300 3300 45 45
Med Truck 300 300 45 45
Hvy Truck 100 100 45 45

Find: 1981 Energy savings resulting from ramp metering
project which results in an increase of 29% in the average
speed.

Results and Limitations

After applying the worksheet, it is found that the ramp
metering project results in an annual savings of 53,500
gallons of fuel.

The simplified method outtined below represents only a
cursory analysis of energy savings associated with ramp
metering. For a more complete discussion of analystis
methods, consult the literature (IR1).
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"APPENDIX J

Highway Energy Analysis Program
' Version 2.1

The Highway Energy Analysis Program (HEAP) is a computer model
that will determine the total energy consumption for different
roadway alternates. It calculates the direct and indirect
energy due to traffic and the indirect energy associated with
roadway maintenance and construction. It is based on the data
and methodo]ogie§ presented in the 1985 version of "Energy and
Transportation Systems."

WHAT IT DOES DO

- HEAP will anal&ze the energy consumed for a project with up
to six alternates each with up to 30 roadway segments
(1inks), with each link having up to eight different traffic
conditions. '

- HEAP will determine the energy consumption for any analysis
time span between the years 1980 and 2005,

- HEAP will allow the input of different levels of traffic
information - from a very detailed speed tacograph to
generalized alternate-wide VMT figures.

- HEAP will allow the input of traffic volumes at both the

beginning year and end year of the analysis period. Traffic
volumes for other years are interpolated from these values.
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HEAP will determine the direct energy consumption for four
different vehicle types: Light Duty Vehicles (LDV}, Medium
Trucks (MT), Heavy Trucks (HT) and Buses. The first three
vehicle types are handled in a similar fashion, having the
same options of adjusting fuel consumption due to grade,
curvature, stops, slowdowns, idle time, congestion and/or
other miscellaneous factors. Buses are handled completely
independently due to the different sources of fuel
consumption data available to them.

HEAP will determine the indirect energy due to vehicle
depreciation, maintenance and repair, tire wear, and oil
consumption for LDVs, MTs and HTs. HEAP will also adjust
these indirect energy factors for pavement deterioration or
improvement if it is explicitly input. Bus indirect energy
is also calculated.

HEAP determines the indirect energy due to construction
based on the dollar cost and the type of construction.

HEAP determines the indirect roadway maintenance energy
based on the total lane miles and type of pavement.

HEAP has the capability to determine the energy consumption
for off-project VMT. This feature may be useful in attempt-
ing to equalize the level of service and provide a common
basis of comparison for project alternates with different
mainline capacities.

HEAP will allow the input of a fuel correction factor. This

can be used to adjust roadway links for circuity or for such
things as cold starit fuel corrections.
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- HEAP can calculate the énergy efficiency for TSM options on
a Btu per vehicle mile basis, or a Btu per passenger mile
basis if load factors are specified.

- HEAP is menu driven to allow ease of operation

- HEAP has provisions for easily performing a sensitivity
analysis of vehic]e-re1ated parameters.

- HEAP calculates a number of "Measures of Effectiveness"”
(MOE) for each alternate, which may be used as desision
criteria. '

- HEAP will oUtpﬁt a variety of printouts, depending on user
need. .

WHAT HEAP DOES NOT DO

- HEAP does not predict traffic patterns, nor analyze them for
validity. It will accept virtually any traffic condition no
matter how ridiculous (example: it will take a 1,000,000 ADT
of Heavy Truck§ on a two-lane road in the peak hour
period). |

- HEAP does not aetermine:the additional pavement maintenance
energy as it deteriorates with time. If a pavement must be
resyrfaced, this should be input as a separate construction
cost.
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Fuel Cofrection Factors

(Tables C:5:1-3, Energy and Transportation Systems)

Year Light Duty Vehicles | Medium Trucks | Heavy Trocks
1980 1 1 1
1981 .960 970 987
1982 .920 .937 974
1983 .874 901 .956
1984 .825 .864 .935
1985 779 .829 913
1986 791 . 734 .834
1987 .761 721 .808
1988 742 715 795
1989 727 - .703 783
1990 J12 .691 772
1991 701 679 760
1992 691 663 .749
1993 _.683 .658 .739
1994 .685 - .663 728
1995 675 .647 718
1996 .669 632 718
1997 .659 ..623 708
1998 .653 613 .699
1999 .647 .604 .689
2000 641 - .596 .689
2001 .639 - .587 .680
2002 .633 .583 671
2003 630 579 671
2004 627 575 .671
2005 627 571 663
2006 625 - 571 663
2007 622 .567 .633
2008 622 - .567 .633
2009 619 563 .633
2010 619 563 .633
2011 .616 559 .654
2012 616 . 339 034
2013 614 555 654
2014 .614 958 634
2015 611 .552 .654

Correction factors are detennmed from the on road fleet mpg as predicted by The Motor Fuel
Consumption Model (Fomteénth Periodical Report, Dec. 12, 1988), prepared by Energy and

Environmental Analysis, Inc. for the U.S. Department of Energy.




Highway Construction

Price Index

(Tables C:21, Energy and Transportation Systems)

Year Index

| 1973 0.56
1974 0.83

1975 0.99

1976 0.86

1977 1.00

1978 114

1979 1.46

1980 1.54

1981 1.76

1982 1.55

| 1983 . 1.59
1984 1.84

1985 1.83

1986 1.85

1987 1.92

1988 1.96

1989 2,08
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